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PHYSICAL AND MATHEMATICAL MODELLING OF STEELMAKING PROCESSES 
IN A VACUUM INDUCTION FURNACE 

FALKUS Jan1, DROŻDŻ Paweł1 

1AGH University of Science and Technology, Cracow, Poland, EU 

Abstract  

Vacuum metallurgy processes are now the primary processes of manufacturing new metallic materials. 
Requirements concerning product purity and accuracy in determining chemical composition constitute a huge 
challenge arising from the needs of new technologies. Examples include the required parameters of metal 
powders applied in 3D printing.  

The subject of this paper is a kinetic model of the alloy steelmaking process, based upon the tank theory. 
Assumptions to this model enable the process to be simulated in real time. The method of determination of the 
equilibrium state at the metal-gas interface with the use of the Equilibr module from the FactSage® program 
is an essential component of the model. The computations were verified on the basis of laboratory heats made 
in a VIM 10-20 vacuum induction furnace. 

Keywords: Vacuum induction furnace, process kinetic 

1. INTRODUCTION 

The development of modern metallic materials poses a significant challenge for contemporary materials 
engineering. Methods of engineering new types of materials are diversified, but they always lead to a stage 
where the manufacturing method should be developed and implemented in practice. As regards metallic 
materials, the biggest difficulty lies in obtaining the assumed chemical composition of metal. Very often, the 
required chemical composition contains elements which easily oxidise or have a high vapour pressure. 
Therefore, in many cases the only group of processes that enable this task to be accomplished are vacuum 
processes exclusively. Making a metallic alloy using a vacuum induction furnace always takes place at a 
certain distance from the system’s equilibrium state, and therefore the method of controlling the steelmaking 
process has a very high impact on the ultimate correctness of the obtained chemical composition of the cast 
ingot. Due to growing market demand and the increasing complexity of metal alloys, a model was developed 
to simulate changes in the chemical composition of a metal bath during the melting process.  

2. A MATHEMATICAL MODEL OF STEELMAKING IN A VACUUM INDUCTION FURNACE 

The design of a kinetic model of the steelmaking process in a vacuum induction furnace requires a proper 
description of two key effects that occur in this reactor i.e. the process of metal bath mixing and the processes 
that occur at the metal-gas (vacuum) interface. The mixing process is significant for the characteristic of the 
homogenisation level of the melt disturbed by alloy additions introduced during melting. On the other hand, the 
description of processes occurring at the metal-gas interface should answer the question about the intensity 
of gas evacuation from the melt and the evaporation rate of alloy additions. 

2.1. Metal bath mixing model 

The concept of vacuum steel refining is based upon an assumption that it is necessary to apply a mixing model 
to describe the process kinetics, and this model should provide a solution within a time shorter than the actual 
refining time. The key task is to select the melt mixing model, and next, to incorporate the thermodynamic 
model allowing the local equilibrium at the metal-gas interface to be computed into the mixing model.  
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In the adopted solution, the selected melt mixing model is based upon the tank theory. It was assumed that 
the real reactor can be divided into so-called tanks, which have the following properties assigned [1]: 

 The volume of a tank does not change over time.  
 No concentration gradient occurs within a tank. 
 The chemical composition of a tank changes stepwise at a predetermined time interval Δt. 

The verification of the mixing model, based upon the described theory, requires defining the volumes of 
individual tanks and the values of mass transfer fluxes between the tanks. The quality of this verification is key 
to the accuracy of the mixing model forecast. Figure 1 presents the assumed breakdown of the melt within the 
vacuum induction furnace into tanks [2, 3]. 

 

Figure 1 Division of a vacuum induction furnace into tanks 

For the induction furnace, a very simple model structure can be assumed because the melt is stirred very 
intensively within the whole unit volume. The most important research problem is to answer the question about 
the intensity of the mass transfer between the surface layer of the melt and the surrounding vacuum. According 
to the hypothesis applicable in the theory of mass transport, it can be assumed than the equilibrium state exists 
in the thin layers adjacent to the interface, and, with all limitations, this equilibrium state can be determined on 
the basis of thermodynamic calculations. 

The system of equations describing the mixing process in the induction furnace may be presented in 
accordance with the diagram in Figure 1, as follows: 
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where: Mi - the metal bath mass in tank “i” 

 푚̇  - the value of mass flux from tank “i” to tank “j” 

 푚 (푡) - the value of component “i” mass in tank “j” 

 t - the value of the computing time interval 
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The system of equations (1) presented above is a typical system of the so-called two tank model (TTM). It is 
the basis to develop a hybrid model, which will enable changes in the chemical composition of the melt in the 
laboratory vacuum induction furnace to be simulated. 

2.2. Hybrid model 

The key solution to the hybrid model is to incorporate the term taking into account processes occurring at the 
melt-gas (vacuum) interface into the equation structure (1). The thermodynamic model is incorporated into the 
melt mixing model by modification of the first equation of the system of equations (1). Then, this equation 
ultimately assumes the form: 
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where eq
i
1 )(tm  - the change in the mass of component “i” in the first tank caused by the interfacial processes. 

 
Figure 2 Diagram of the metal-slag interface with the marked boundary layer 

The point of the proposed solution is explained by Figure 2, where the metal boundary layer achieving the 
equilibrium state in contact with the vacuum is marked. Correct defining of the thickness of this layer is the 
next step which is decisive to the accuracy of model calculations [4]. 

According to earlier research, the thickness of the metal layer that achieves the equilibrium state should be 
determined taking into account the time concerned. In the case of numerical calculations it is the computing 
time step Δt. The value of parameter α is determined from the relationship (3): 
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   (3) 

where  - a factor determining what percentage of the first tank mass is transferred into the thermodynamic 
model [%]. 

Defining the thickness of the boundary layer, according to equation (3), allows a parameter such as the 
computing time step to be arbitrarily changed, without the need to verify the model once again. 

3. EXPERIMENTAL SETUP 

Tests allowing the defined kinetic model of the vacuum steel refining process to be verified, were conducted 
in a vacuum induction furnace with a crucible capacity of 10 kg, Figure 3. This unit is equipped with a vacuum 
chamber enabling the steel refined to be cast in a vacuum. It is also possible to take metal samples, and to 
add alloy additions without the need to unseal the vacuum chamber. The furnace equipment enables the 
operating parameters to be fully recorded in the form of a text file. The furnace applied for the tests is presented 
in Figure 3. 
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Figure 3 The laboratory vacuum furnace with a capacity of 10 kg 

4. EXPERIMENTAL RESULTS 

Making steel with a complex chemical composition is a task that requires extensive experience in the operation 
of a laboratory vacuum furnace. The number of factors that may disturb the assumed steelmaking process, 
and the limited possibilities for intervention into its course, determine the methodology of experiments [5].  

Figure 4 presents the full documentation of an example of heat containing alloying constituents shown in 
Table 1. The objective of the described experiment was to achieve the equilibrium state of the melt-vacuum 
system, and next to add the assumed mass of the alloy addition in the form of FeMn. 

One of the most important parameters controlling the process is the ability to control the pressure in a wide 
range, combined with the option of purging the chamber with argon. The stable course of the experiment is 
ensured thanks to maintaining increased argon pressure until the charge is fully molten. After the charge has 
been fully molten the operation of intensive melt de-gasifying is carried out for about 10 min. Due to a low 
chamber pressure of 1 mbar, the process of carbon oxidation with oxygen contained in the metal starts within 
the melt. This process occurs primarily at the surface, and its speed depends on the melt stirring intensity. In 
accordance with the assumptions presented in Section 2, the carbon content decline was computed using the 
experimental heat input data. The simulation results are presented in Figure 5. 
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Figure 4 The steelmaking process in the laboratory vacuum furnace with a crucible capacity of 10 kg 

After stabilising the carbon content, a portion of FeMn was added to the bath. The developed kinetic model 
was applied to check if in conditions of the conducted process the Mn content in steel changed. The simulation 
result showed no significant changes in the Mn content. It should be emphasised that the experiment was 
carried out for about 60 min, and manganese is usually a fast evaporating steel alloying component. 
Theoretical predictions concerning the Mn behaviour during the experiment were confirmed by the analysis of 
the taken samples. The chemical constitutions of metal samples are presented in Table 1. Theoretical analysis 
of the system containing manganese leads to a conclusion that in this case the mass of the gaseous phase 
staying in equilibrium with the melt has a key influence on the thermodynamic equilibrium state. Figure 6 
presents hypothetical metal bath equilibrium states for two different argon amounts versus pressure.  

 

Figure 5 Change in the carbon content in the metal 
bath forecast by the kinetic model of the process, 

p = 1 mbar, T =1520 C 

Figure 6 Change in the manganese content in the 
melt forecast by the kinetic model of the process. 
Charge mass: 10,000 g, argon mass: 5 g (ca. 2.5 

mbar in the vacuum chamber at V = 1.4 m3), 
 500 g (ca. 25 mbar in the vacuum chamber  

at V = 1.4 m3) 
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Table 1 The chemical composition of metal samples taken and the composition of the finished ingot 

 C (%) Si (%) Mn (%) Cr (%) 

Sample 1 1.03 0.277 1.010 2.18 

Sample 2 1.01 0.275 1.060 2.17 

Sample 3 1.01 0.281 1.010 2.16 

Ingot 1.01 0.276 0.913 2.20 

5. CONCLUSION 

The formulated kinetic model of alloy steel making in the vacuum induction furnace allows changes in contents 
of the primary alloying elements to be predicted during the melting process. The conducted experiments allow 
us to draw the following conclusions: 

1) A correctly defined kinetic model of the steelmaking process in a vacuum induction furnace should 
include both the effect of intensity of melt mixing and the processes occurring at the metal-gaseous 
phase (vacuum) interface. 

2) The melt mixing intensity in the induction furnace allows us to restrict the tank model to a simple TTM 
(two tank model) structure. 

3) The gaseous phase mass and chemical composition control and information on the course of pressure 
changes during the process are key to the correctness of the kinematic model predictions. 

4) For a laboratory furnace with a small crucible capacity, the stability of the chemical composition of the 
alloy additions introduced is very important, regardless of the material grain-size distribution. 
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Abstract  

Microsegregation in general is the consequence of the different solubility of alloying and residual elements in 
liquid and solid steel. The result is an enrichment of segregating elements between the dendrites due to 
incomplete diffusion equalization. This enrichment favours the precipitation of inclusions (e.g. MnS) during 
solidification as well as the formation of hot tear segregations (HTS) along primary grain boundaries. Hence, 
the modelling of microsegregation phenomena is an important task in order to predict the final product quality 
and to optimize the process parameters in continuous casting of steel.    

A microsegregation model based on the analytical solution proposed by Ohnaka was implemented in an in-
house 1D-FV solidification simulation software. Considering equilibrium partition coefficients from FactSage 
(FSStel2015) non-equilibrium solidus temperatures of various steel grades were calculated. These results 
show very good correspondence with values determined from an in-situ hot tensile on solidifying steel. Finally, 
the results were applied to calculate solidification in a continuous slab casting machine and to analyse the 
strain in the mushy zone subsequently. For selected steel grades the probability of HTS formation was 
predicted and the influence of operating parameters was quantified. 

Keywords: Solidification, microsegregation, continuous casting, hot tearing 

1. INTRODUCTION 

Elements generally show a different solubility in solid and liquid steel. In contrast to the thermodynamic 
equilibrium, the complete diffusion equalization of elements inside the solidifying microstructure is limited under 
continuous casting conditions. The consequence is an enrichment of alloying elements and tramp elements in 
the interdendritic melt. This phenomenon, known as microsegregation, has a decisive influence on the process 
quality and subsequently on the final product properties: The enrichment favours the formation of hot tear 
segregations (HTS) along primary grain boundaries as well as precipitation of inclusions during solidification. 
Further, the segregation on microscopic scale could lead to a macroscopic inhomogeneity in the center of the 
strand.  

In the present work a microsegregation model based on Ohnaka’s analytical solution [1] was implemented in 
an in-house 1D-FV solidification simulation software using input parameters from literature and FactSage 
(FSStel2015). Further, an evaluation of liquidus formulas by the comparison with results from Differential 
Scanning Calorimetry (DSC) measurements for a wide range of steel compositions was performed. A 
published formula could be slightly modified and improved. Calculated solidus temperatures are in good 
agreement with values determined from an in-situ hot tensile test on solidifying steel. Finally, the model was 
used for the solidification simulation and the prediction of hot tear formation in a continuous slab caster. 
Considering different steel compositions and secondary cooling strategies, the relevance of microsegregation 
modelling regarding quality control in the continuous casting process is shown.  
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2. MICROSEGREGATION MODELLING 

2.1. Model description  

Various models for the mathematical description of microsegregation during solidification have been 
developed in the past [1-7]. Ohnaka [1] presented an analytical model based on the assumption of a quadratic 
solute distribution profile in the solid. The solution of the model is given in Equation 1. 

          (1) 

cl is the solute concentration in the liquid, fs is the fraction of solid, dcl ist the change of the solute concentration 
in the liquid corresponding to an increase of the solid fraction dfs and k is the equilibrium distribution coefficient. 
The backdiffusion parameter β depends on the dendrite geometry and the dimensionless Fourier-Number α 
(β=2α for the plate-like model and β=4α for the columnar model). In solidification processes α is generally 
defined by Equation 2, where Ds is the diffusion coefficient of elements in the solid steel, tf is the local 
solidification time and λ2 is the secondary dendrite arm spacing (SDAS).   

            (2) 

Setting Γ=1-βk/(1+βk) and assuming that the backdiffusion parameter is constant within an increase of solid 
fraction by Δfs, integration of Equation 1 from fs to fs+Δfs results in the semi-integrated Equation 3 according 
to You et al. [8]. In the present work the semi-integrated form with a columnar dendrite structure (β=4α) is 
applied for the microsegregation calculation. 

         (3) 

2.2. Input parameters 

The temperature dependence of solute diffusion coefficients follows an Arrhenius approach (Equation 4), 
where the gas constant R is 8.314 J / (mol∙K) and T is the temperature in Kelvin. The used values for the 
activation energy Q and D0 are listed in Table 1.  

            (4) 

Table 1 Diffusion coefficients of solutes in ferrite (δ) and austenite (γ) [6,9]  
C Si Mn P S Al Cr Ni Mo Cu 

δ 
D0 [cm2/s] 0.0127 8.0 0.76 2.9 4.56 5.9 2.4 1.6 3.47 2.6 

Q [103 J/mol] 81.4 248.9 224.4 230.1 214.6 241.2 239.8 240 241.4 240 

γ 
D0 [cm2/s] 0.0761 0.30 0.055 0.01 2.4 5.1 0.0012 0.34 0.068 0.7 

Q [103 J/mol] 134.4 251.2 249.1 182.7 212.2 245.8 219 282.4 246.9 286 

Equilibrium partition coefficients are taken from FactSage (FSStel2015) [10]. SDAS is computed as a function 
of local solidification time and carbon content as proposed by Pierer and Bernhard [11]. Further it was 
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assumed, that if the enrichment of manganese and sulphur exceeds the solubility product of manganese 
sulphide [12], precipitation takes place until the equilibrium concentrations are reached. 

2.3. Evaluation of empirical equations for the estimation of liquidus temperatures 

Numerous equations for the estimation of liquidus temperatures have been published in the past [13-17]. In 
general these empirical equations are based on regression analysis from thermal analysis measurements or 
thermodynamic calculations. With respect to microsegregation modelling, regression formulas are useful for a 
simple prediction of the current interdendritic temperature and the solidus temperature, respectively. 
Therefore, selected equations were evaluated with more than 300 Difference Scanning Calorimetry (DSC) 
measurements [18]. The results for a wide range of steel grades are shown in Figures 1(a) and (b). The 
formula according to Kawawa already differs at high temperatures from the experimental results and shows 
the highest deviation of 7.53 ± 9.20 °C, followed by Kagawa-Okamoto (K-O) equation with an average error of 
5.77 ± 6.57 °C. The Howe and Schürmann-Stisovic (S-S) formulas show approximately the same accuracy. 
However, best correlation between experimental data and calculated temperatures was found for the Howe 
and Miettinen (H-M) regression polynoms with a deviation of 2.97 ± 3.48 °C. Based on the experimental data, 
an increase of the liquidus temperature by 2 °C / wt% was observed for aluminum contents up to 3 wt%. 
Considering this coefficient in the H-M equations, a further improvement could be achieved as the error 
decreases to 2.61 ± 2.32 °C. Since the optimized expression enables the precise determination of liquidus 
temperatures even at high amounts of alloying elements, it is particularly suitable for the application in the 
model. 

 
Figure 1 Comparison between measured liquidus temperatures by means of DSC measurements and using 

empirical equations (a) and resulting absolute deviation for selected equations (b) 

3. VERIFICATION OF THE MICROSEGREGATION MODEL  

At the Chair of Ferrous Metallurgy the hot tearing sensitivity of different steel grades can be investigated by 
the Submerged Split Chill Tensile (SSCT) -Test. The schematic representation of the SSCT-Test is shown in 
Figure 2 Within the experiment a cylindrical test body is submerged into a superheated melt. Simultaneously 
a thin shell solidifies on the surface of the test body and after a predefined holding time an in-situ tensile test 
starts during solidification. If the initiated strain exceeds a critical value, hot tears can be found in the following 
metallographic examination. The measured shell thickness and the detected position and number of hot tears 
can be used for the correlation with the numerical simulation. Finally, the evaluation of the calculated solidus 
temperature under non-equilibrium conditions and the prediction of critical strains for hot tear formation are 
possible. A detailed description of the experimental procedure and the numerical simulation of the SSCT test 
can be found elsewhere [19].  
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Figure 2 Schematic representation of the SSCT-Test at the Chair of Ferrous Metallurgy [20] 

In a first step the present “stand-alone” microsegregation model was compared with an already evaluated 
model from You et al. [8] which is fully coupled with the thermodynamic database FSStel2015. On the example 
of medium carbon steel with an increased phosphorus content of 500ppm and assuming a cooling rate of 10 
K/s, the calculated temperatures and concentrations in Figure 3(a) show very good agreement. Since both 
models are based on Ohnaka’s assumptions and use nearly the same input parameters, the high 
correspondence indicates, that the algorithm was properly implemented.  

Subsequently, an in-house 1D-FV solidification software involving the microsegregation model was used to 
analyze more than 70 already available results from SSCT-Tests on Low Carbon (LC) und Medium Carbon 
(MC) steels. In Figure 3(b) the experimental values are plotted against the calculated solidus temperatures. 
Although the deviation in case of MC steels (± 10 °C) is slightly higher than for LC steels (± 5 °C), the obtained 
results are highly satisfying and confirm the present method of microsegregation modelling.          

 
Figure 3 Comparison of the present „stand-alone“ microsegregation model and a model which is fully 

coupled with the database FSStel2015 (a) and the correlation with results of SSCT-Tests (b) 

4. SOLIDIFICATION SIMULATION OF A CONTINUOUS SLAB CASTER 

The 1D-FV software was applied for the solidification simulation and strain analysis in a 250mm continuous 
slab caster considering a casting speed of 1.2 m/min. Thermal boundary conditions and casting machine 
configuration are taken from the previous work by Arth et al. [20].  

In continuous casting of slabs the internal quality regarding macrosegregation is mainly improved by the 
installation of a softreduction close to end of the solidification. Practically, the final solidification point is 
determined by the numerical simulation of the process. The precision of the simulation may decide, if the 
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softreduction is successful or not. In order to demonstrate the relevance of microsegregation modelling for the 
positioning of the softreduction, the calculated final solidification point is compared with the results obtained 
under assumption of equilibrium conditions (=Lever-rule). Figure 4(a) shows the calculated metallurgical 
length for a Low Carbon (LC) and a Medium Carbon (MC) steel grade. Due to the low amount of alloying 
elements in the LC steel, the difference in the predicted final solidification point ΔlMET is negligible. Higher 
amounts of strongly segregating elements like carbon, phosphorus and sulphur raise ΔlMET significantly up to 
0.2 m. Further, the influence of segregating elements on the difference in the metallurgical length is enhanced 
by the defined cooling program, as can been seen in Figure 4(b). Maximum values of ΔlMET are observed for 
slow cooling rates (= soft cooling strategy) and high carbon contents. The positioning of the softreduction 
according to the equilibrium conditions will miss the real final solidification point by 0.5 m. Deviation on this 
scale may lead to a downgrade of the slab, or in the worst case to a rejection. 

In the second part, the microsegregation model was used for strain analysis in the casting machine with respect 
to the formation of hot tear segregations (HTS). In Figure 4(c), the occurring strain ε due to bending, 
straightening, bulging and reheating (= accumulated strain) is compared with the critical strain measured by 
the SSCT-Test. Intensive cooling results in low values of the predicted strain whereas the soft cooling favours 
the strain accumulation during the process. However, under the assumption of 100 % maintenance of the 
casting plant, the calculated strain in this case never exceeds the critical value. In Figure 4(d) it can be seen, 
that microsegregation has decisive influence on the accumulated strain: Even at low carbon contents (0.1 wt%) 
the calculated strain is nearly doubled compared to equilibrium conditions. Hence, the microsegregation 
phenomenon has to be considered to adjust the casting parameters and to prevent hot tear formation. 

 
Figure 4 Difference in the metallurgical length compared to equilibrium conditions: (a) in presence of 
segregating elements and (b) in dependence of carbon content and cooling strategy; Calculation of 

accumulated strain during casting and comparison with critical values from the SSCT-Test (c); Influence of 
microsegregation modelling on strain accumulation compared to equilibrium conditions (d) 
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5. CONCLUSION 

By means of Difference Scanning Calorimetry measurements the published equation for the estimation of 
liquidus temperature by Miettinen and Howe [17] could be slightly modified. Based on the experimental data, 
an increase of the liquidus temperature by 2 °C / wt% was observed for aluminum contents up to 3 wt%.  
The consideration of the coefficient leads to a further improvement of the equation. The optimized expression 
enables the accurate calculation of liquidus temperature even at higher amount of alloying elements and is 
thus used for determination of the current temperature in the microsegregation model. The calculated solidus 
temperatures and concentrations performed with the present “stand-alone” model are in very good agreement 
with a model from literature which is fully coupled to the thermodynamic database FSStel2015 (FactSage) 
[10]. Further, the model has been evaluated with more than 70 hot tensile tests on Low Carbon and Medium 
Carbon steels. The solidification simulations of continuous slab caster and the subsequently strain analysis 
regarding hot tear show the relevance of microsegregation modelling for process control in continuous casting 
processes.   
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Abstract  

In the secondary cooling zone of the continuous casting process water-air nozzles are used to cool down the 
strand. The cooling has to be sufficient enough to ensure a certain shell thickness and finally the complete 
solidification of the material. Further a controlled and uniform cooling strategy is important to minimize the 
amount of defects in the solidified steel. For the determination of the water distribution and the cooling 
characteristic of water-air sprays at defined operation parameters the Nozzle Measuring Stand (NMS) at the 
Montanuniversitaet Leoben is used. In this work the measuring principle of the NMS is explained and the 
influence of several nozzle operation parameters on the cooling characteristics of two water-air nozzles is 
shown. In a first step the water distribution (WD) at different nozzle distances, water flows and air pressures 
was determined. Afterwards the heat transfer coefficient (HTC) for every parameter modification was 
measured. The surface start temperature for all experiments was set at 950 °C. In order to show the change 
in cooling intensity over the width of the spray, HTC measurements were performed at several positions. Finally 
the results of the experiments and possible links between the operation parameters, water distribution and 
HTC are discussed.  

Keywords: Continuous casting, secondary cooling, nozzle measuring stand, heat transfer coefficient 

1. INTRODUCTION  

For the minimization of defects in the solidified steel uniform and smooth cooling of the surface is an important 
factor. To find an optimal cooling strategy for the secondary cooling zone of the continuous casting process it 
is crucial to determine the cooling characteristic of used nozzles [1].  

If a hot surface is cooled by liquid water, different boiling regimes occur. The formation of these regimes is 
highly dependent on the surface temperature. At temperatures above the Leidenfrost point (LP) film boiling 
takes place where a closed layer of vapor exists between the surface and the spray. This layer works as 
insulation and provides a relatively low and almost temperature independent HTC. The relationship between 
surface temperature and HTC (and Heat Flow) is shown in Figure 1a in form of a boiling curve. It is important 
to mention that a boiling curve is only valid for a certain set up of operation parameters. The curve clearly 
shows the change from film boiling to transition boiling at the LP. If the surface temperature sinks below the 
LP the vapor layer collapses whereby the HTC is increased dramatically. Due to that for continuous casting 
the film boiling regime is of special interest [2-7].  

The boiling curve shows a static picture of HTC over surface temperature. To include the influence of a certain 
casting velocity the measurement can be carried out in a dynamic way. A result of such a measurement, where 
a sample is moved through a spray, is demonstrated in Figure 1b. All further results in this work were 
measured in the film boiling regime using the dynamic measurement method [8]. 
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Figure 1 a) Boiling curve (NMS, V(H2O) = 2.25 l / min, p(AIR) = 1.3 bar), b) Example of dynamic HTC 

measurement (V(H2O) = 6 l / min) 

2. EXPERIMENT 

Nozzle characterization with the NMS at the Chair of Ferrous Metallurgy (CoFM) in Leoben is divided in two 
parts, the measurement of the water distribution and the determination of the heat transfer coefficient.  
To investigate the influence of spray overlapping it is possible to install two nozzles, using two separate 
water/air supporting systems. Figure 2 gives an overview on the NMS with all important parts.   

      

Figure 2 Components of the NMS at CoFM, Leoben   

2.1. WD measurement 

Figure 3 shows that for WD measurements one or two nozzles are mounted at the top of the experimental 
chamber in a way that the spraying direction shows downwards. A measuring grid is located on the bottom of 
the chamber with a defined distance to the nozzle tips (Nz). If there are two nozzles installed not only Nz but 
also the distance between the nozzles (Nx) has to be adjusted. The grid itself is divided into 7 cells in y-direction 
and 100 in x-direction where every cell measures 10x10x280 mm. During the measurement these transparent 
cells get filled with water by the spray [8]. 

1 - Heating & Moving unit 

2 - Experimental chamber 

3 - Air compressor 

4 - Water pumps 

5 - Water tank 

6 - Induction cooling unit 

7 - Measurement & Control unit 

a)                                                                             b) 
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Figure 3 a) Arrangement of WD measurement, b) Sector of measurement grid, c) Nozzle distances 

After a certain filling time the grid is removed and photos of cross-sections in y-direction are taken. From these 
pictures the water impact density (WID [kgm-2s-1]) in every cell is calculated and then merged to the complete 
water distribution using digital image processing [8]. An example for such a distribution is shown in Figure 4. 

  
Figure 4 Example of a water distribution measured with the NMS (V(H2O ) = 4.5 l / min, p(AIR) = 1.3 bar); 

a) Front view, b) Top view 

2.2. HTC measurement    

The HTC measurement arrangement is shown in Figure 5. Knowing the whole water distribution, HTC 
measurements can be done at characteristic positions of the spray. Therefor the nozzle is turned about 180 ° 
so the water/air mixture can reach a sample cylinder located at the top of the chamber. Before the cylinder, 
made of corrosion resistant steel (1.4841), is moved through the spray it is heated up to a defined surface start 
temperature by inductive heating. Three thermocouples are placed inside the cylinder at different distances to 
the experimental sample surface. There they record the change in temperature caused by the cooling process 
from which the HTC can be calculated using an inverse heat conduction method. This HTC accounts the 
convective part as well as the part caused by radiation [8].  

a)                                                                  b) 
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Figure 5 a) Arrangement for HTC measurement, b) Sample cylinder 

3. RESULTS 

To determine the influence of water flow, air pressure and nozzle distances, six different parameter set-ups 
were defined. The varied parameters are summarized in Table 1. For every set of parameters the WD and the 
HTC for two overlapping flat fan nozzles of the same type were measured. 

Table 1 Overview on used parameter set-ups 

Set-up V(H2O) [l / min] p(AIR) [bar] Nz [mm] Nx [mm] v [m / min] TStart [°C] 

P1 4.5 1.3 

205 527.6 

1.3 950 

P2 4.5 2.0 

P3 9.35 1.3 

P4 4.5 1.3 

271 700 P5 4.5 2.0 

P6 9.35 1.3 

To examine the change of HTC over the spray width, measurements were done at several positions which 
are listed in Table 2. 

Table 2 HTC measurement positions 

Nz - Nx [mm] x-Position [mm] 

205 - 527.6 
-550 

+550 

-500 

+500 

-400 

+400 

-300 

+300 

-200 

+200 

-100 

+100 
0 - 

271 - 700 
-700 

+700 

-600 

+600 

-500 

+500 

-400 

+400 

-300 

+300 

-200 

+200 

-100 

+100 
0 

For a better comparison between the results four characteristic values were calculated from the gained data. 
For the WD these values are the maximum water impact density (WIDmax) and the sum of water impact density 
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(WIDsum) in y-direction at defined x-Positions. Similar values are found for the HTC. The maximum heat transfer 
coefficient (HTCmax) and the heat transfer coefficient integrated over spray contact time (HTCint). Examples are 
shown in Figure 6. 

 
Figure 6 a) WIDmax, WIDsum, b) HTCmax, HTCint 

3.1. Discussion 

Figure 7 and Figure 8 compare WIDmax and WIDsum as well as HTCmax and HTCint for all used nozzle 
parameters (Table 1) measured at the defined measurement positions (Table 2).  

 
Figure 7 a) WIDmax, b) WIDsum, c) HTCmax, d) HTCint at measurement positions using parameter set-ups P1, 

P2 and P3 

a)                                                                     b) 

a)                                                                  b) 

c)                                                                  d) 
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Figure 8 a) WIDmax, b) WIDsum, c) HTCmax, d) HTCint at measurement positions using parameter set-ups P4, 

P5 and P6 

Change of V(H2O): 

The performed measurements show that if the volumetric water flow is increased from 4.5 l / min to 9.35 l / min, 
WIDmax and WIDsum at all positions are increased too. Beside this an increase of V(H2O) also results in a higher 
HTCmax and HTCint.  

Change of p(AIR): 

While an increase of air pressure from 1.3 bar to 2 bar results in a higher WIDmax, WIDsum does not show a 
significant change. In terms of HTC both values, HTCmax and HTCint, get increased probably by a higher spray 
impact pressure.  

Change of Nz-Nx: 

If the nozzle distance is enlarged from 205-527.6 mm to 271-700 mm the characteristic values for the WD and 
the HTC are decreased. At the same time the spray gets wider and so the area of water impingement gets 
increased. It is also shown that with an increase of Nz-Nx all curves get smoother; local minima and local 
maxima are less marked.  

Area of overlapping (x = 0 mm):  

An important point to mention is the area of overlapping. It is clearly shown that the interaction of two sprays 
results in a maximum of WIDmax and WIDsum except in case of parameter set-up P5, where a local minimum is 
formed. Concerning the HTC, only P3 and P6 show a maximum in HTCmax and HTCint at x = 0 mm.  

a)                                                                           b) 

c)                                                                           d) 
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4. CONCLUSION 

The performed experiments confirm a high dependence of water distribution and heat transfer coefficient from 
nozzle operation parameters like water flow, air pressure and nozzle distances. Especially the area of 
overlapping is highly influenced by a change of these parameters. The found results underline the importance 
of nozzle characterization using an experimental set up like the NMS at Montanuniversitaet Leoben.    
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Abstract 

Optimal regulation algorithms and complex numerical simulations are utilized in contemporary production 
processes. High quality of products, minimum of scrap, and reduction of carbon footprint are current trends in 
industry processes including the continuous casting process of steel. The paper shows a utilization of the 3D 
transient solidification model and an original fuzzy regulator for the improvement of the surface slab quality in 
the continuous casting of a high-strength low-carbon steel. An optimal casting scenario was proposed based 
on the real casting measurement and statistical evaluation. The relationship between the temperature history 
of the slab surface and the number of surface defects was statistically evaluated. Based on statistical data, the 
fuzzy regulator and the solidification model were used to find an optimal cooling strategy as a function of the 
casting speed and of the casting temperature. Though results are demonstrated for a specific slab caster and 
for a specific grade of steel, the presented concept is general from its nature and it can be used for any caster 
or any grade of steel. 

Keywords: Continuous casting, fuzzy optimization, secondary cooling, steel quality 

1. INTRODUCTION 

The quality of steel in the continuous casting (CC) process is discussed in many papers [1, 2]. Generally for 
steelmakers it is vital to minimize the number of rejected slabs which need to be scraped, to improve the overall 
quality of steel sheets, but to preserve high productivity of casting. These challenges can be handled by using 
statistic methods, advanced numerical modelling and optimization-regulation techniques. There are many 
papers which combine numerical modelling and optimization-regulation approaches such as [3, 4, 5]. 
Unfortunately, the numerical models in these works were often very simplified without validation with the real 
casting process. This paper describes the statistical evaluation of real casting data and the usage of the original 
3-D heat transfer and solidification model, the so-called Brno Dynamic Solidification Model® (BrDSM, see 
www.continuouscasting.info) with advanced optimal control tools for the high steel quality and the casting 
productivity improvement based on the fuzzy-logic regulation. The demonstration of the presented approach 
is shown on the EVRAZ VITKOVICE STEEL radial slab caster with twelve cooling loops in the secondary 
cooling zone and with a special grade of steel S355 for ocean offshore structural projects. 

2. SOLIDIFICATION MODEL AND FUZZY REGULATION  

The solidification model BrDSM numerically solves 3-D transient heat and mass transfer phenomena with  
non-isothermal phase changes from liquid to solid steel based on the enthalpy method [6]. The numerical 
discretization is based on a non-equidistant fine mesh and the simple explicit scheme which allows  
for massively-parallel Graphic Processing Unit (GPU) calculations. This approach is very suitable for the 
combination with the optimal (predictive) control algorithm because it allows calculating the BrDSM with a very 
fine mesh several-times faster than the real time. The boundary conditions at the mould were determined by 
measurements of inlet and outlet cooling water temperatures and the heat flux layout can be computed from 
the average value using additional information of a matrix of thermocouples in the mould wall. The boundary 
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conditions at the secondary cooling area were measured in Heat Transfer and Fluid Flow Laboratory for all 
nozzles used at the caster with the use of the so-called hot plate method according to [7]. The visual part of 
the user interface can be seen in Figure 1. The detailed description of the BrDSM including boundary 
conditions, numerical model discretization, mesh size convergence, secondary cooling distribution, etc. is 
described in [8]. 

 

 
Figure 1 BrDSM interface 

The BrDSM can calculate the temperature distribution of the strand for given casting parameters such as the 
initial temperature distribution, intensity of cooling, speed of casting, etc. The problem is how to set input 

parameters in an optimal way to get a required 
(optimal) temperature distribution which ensures 
a good quality of steel. This is referred to as an 
inverse problem. For this purpose the original 
supervision system based on the fuzzy logic was 
developed. Our supervision system evaluates 
simple rules such as if the temperature is low then 
decrease the cooling intensity, or if the 
temperature is very low then decrease cooling 
even more, etc. Figure 2 shows the block 
scheme of the fuzzy regulator and BrDSM. The 
fuzzy regulator compares results from the BrDSM 
with “optimal” required temperature field. Based 
on the difference between actual and optimal 
temperature field, the fuzzy regulator tunes 
cooling intensities in a closed-loop until an Figure 2 Fuzzy-BrDSM scheme 
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optimal solution is found. The detailed description of the fuzzy regulator and of the solidification model including 
linguistic variables, linguistic rules, etc. is described in [8].  

The most important parameter for the fuzzy regulator is to define an optimal surface temperature curve. The 
optimal cooling strategy must keep the surface temperature inside intervals around the optimal surface 
temperature curve. The word optimal stands here for the state where no or minimum surface defects can 
originate. These intervals are set by the user and they are distinct for different grades of steel. How the intervals 
were set in the paper will be discussed in Section 3. The fuzzy regulator was tested for different casting 
conditions and setting of parameters. The system concept was universally designed in order to optimally 
control any slab or billet CC process. The main advantage is a small number of evaluations before the optimal 
solution is reached so the system can be used for transient simulations and for on-line casting process control. 
The combination of the fuzzy regulator with the GPU solidification model can predict future temperature states 
and it works like the model predictive control system.   

3. STEEL S355, REAL CASTING DATA AND OPTIMAL TEMPERATURE INTERVAL 

A frequent occurrence of surface defects on slabs of the cast steel grade S355 was the reason for statistical 
and numerical investigation. This steel was selected expediently because it is mainly used for shipbuilding 
projects, marine mechanical systems and deepwater ocean offshore structural projects where the quality of 
steel plates is essential. The breakdown situation caused by a low quality of steel could have a catastrophic 
effect on material and human losses. The chemical composition is listed in Table 1. Thermophysical properties 
of steel S355 were calculated by using the IDS solidification package and solidus and liquidus temperatures 
were compared with dynamic thermal-analysis methods [9]. 

Table 1 Chemical composition of steel S355 

 Ni Mn Mo Si Nb Ti Cu 

wt% max 0.30 1.4-1.55 max 0.08 0.5 max 0.06 max 0.02 max 0.20 

 V Al P C Cr S Ca 
wt% max 0.02 0.02-0.06 0.03 0.16-018 max 0.20 0.02 0.0019 

Three typical defects were found: 
transverse facial cracks, star cracks 
and longitudinal facial cracks. The 
most common defect was the star 
crack, see Figure 3. These defects 
primarily appear at the top surface of 
the strand and possible reasons for 
these defects are hard cooling and 
tensile stresses at the straightening 
area [3]. Therefore, the top surface of 
the strand and the temperatures at the 
straightening area were investigated. 

The real casting data were statistically 
evaluated from approximately 2000 
heats cast in 2011 and 2012 in EVRAZ 
VITKOVICE STEEL machinery in the Czech Republic. The evaluation of the statistical hypothesis shows that 
the surface temperature in the unbending point significantly influences the surface quality of slabs. The heats 
were divided into two groups, heats where surface defects were found and heats without surface defects. The 
surface temperature was measured by a pyrometer at the straightening area, see Figure 4 - 5. 

 
Figure 3 Typical star crack defect 
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Figure 4 Surface temperatures with 95 % prediction bounds (without defects) 

 
Figure 5 Surface temperatures with 95 % prediction bounds (with defects) 

Hypothesis tests show that we cannot reject the hypothesis on the 5 % level of significance stating that the 
surface temperature at the straightening area influences the presence of surface defects. This leads to the 
following idea: if we will keep the surface temperature in some range, the occurrence of surface defects would 
be minimized. The mean surface temperature from heats without defects was 916.03°C with the standard 
deviation 6.89 °C while the mean surface temperature from heats with defects was 927.14 °C with the standard 
deviation 23.90 °C. The statistical results were used as the input for Fuzzy-BrDSM. 

4. RESULTS AND DISCUSSION 

The temperatures from three positions (mold exit area, straightening area and caster exit area) measured by 
pyrometers were fitted by the exponential function y = a∙xb + c, where y is the required temperature, x is the 
distance from meniscus and a, b and c are the parameters of the exponential function. The surface defects 
occurred in heats with high temperature fluctuations in the straightening area. From this point of view the upper 
and lower allowed limit was only 5 °C above and 5 °C below the optimal temperature in the straightening area 
(see Figure 6).  

The strand temperature history for the casting speed 0.8 m / min is shown in Figure 6. The cross-section size 
of the slab was 1530 × 250 mm and the numerical mesh was created from over 1.5 million nodes. Because 
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the CC is a dynamic process, the casting speed and temperature of overheating (casting temperature - liquidus 
temperature) vary in time, it is necessary to keep surface temperatures at constant values in order to receive 
a high steel quality. Thus, optimization was carried out for different casting speeds and for different 
temperatures of overheating in order to obtain the optimal relationship between cooling intensities and the 
casting speed/temperature, see Table 2. The casting intensity for four cooling loops is shown in Figure 7. 

 
Figure 6 Optimal temperature field 

Table 2 Cooling intensity for different casting conditions 

Overheating 
temperature 

Casting 
speed 

Loop 
1 

Loop 
2 

Loop 
3 

Loop 
4 

Loop 
5 

Loop 
6 

Loop 
7 

Loop 
8 

Loop 
9 

Loop 
10 

Loop 
11 

Loop 
12 

30.00 0.80 96 124 102 129 69 99 28 62 22 33 31 57 

30.00 0.85 97 126 105 128 83 102 35 78 22 41 51 86 

30.00 0.90 98 129 105 147 98 99 46 102 29 68 92 128 

30.00 0.95 102 139 128 148 100 112 60 98 39 75 124 136 

28.00 0.80 97 125 101 124 67 99 28 66 22 30 31 50 

28.00 0.85 97 126 102 126 83 102 37 74 26 48 58 76 

28.00 0.90 98 130 108 148 97 104 49 87 28 65 86 103 

28.00 0.95 103 142 128 148 100 112 58 97 35 79 126 139 

26.00 0.80 97 126 101 123 67 99 26 61 22 33 31 48 

26.00 0.85 97 126 102 126 81 101 37 75 28 45 57 70 

26.00 0.90 98 129 108 148 98 104 44 91 30 65 91 128 

26.00 0.95 102 139 128 148 101 111 58 97 38 75 129 134 

24.00 0.80 97 126 101 123 68 98 28 61 22 31 31 54 

24.00 0.85 97 126 103 126 80 101 35 74 22 42 56 72 

24.00 0.90 98 129 107 145 97 104 44 87 27 62 91 109 

24.00 0.95 103 139 128 148 100 112 60 98 37 75 128 133 
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Figure 7 Optimal cooling intensity for four particular cooling loops  

The cooling intensity for zones 5 and 9 reaches its maximal allowed values for casting speeds of 0.9 m / min 
and 0.95 m / min. This means that even a better solution probably exists for a higher cooling capacity at these 
zones. Moreover, a higher casting speed can also be reached.  

5. CONCLUSION 

The Fuzzy-BrDSM was tested for many different fuzzy parameters, for different casting temperatures and 
casting speed constraints, for different caster and slab geometries, and for different steel grades and it proved 
robust and stable solutions. This paper is focused on the quality improvement of the particular special steel 
grade S355 where high quality of steel plates is vital. The first part of the work was focused on the statistical 
evaluation of real historical casting data (over 2000 heats). The influence of the surface temperature in the 
straightening area on the occurrence of surface defects was statistically evaluated as significant. From 
statistics the optimal surface temperature curve and its intervals were determined and used as the input for 
Fuzzy-BrDSM. The optimal cooling intensities in the secondary cooling zone were found for different casting 
speeds and for different temperatures of overheating. The use of recommended cooling curves in the real 
casting process can lead to the minimization of surface defects in casting of the special steel grade S355. The 
same approach can be applied for any grade of steel or any caster machine. The main advantage of the 
presented approach is a small number of evaluations to reach the optimal solution and its overall versatility. A 
combination with GPU numerical core can also allow for the on-line real-time regulation of a real CC process.   
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Abstract  

The paper deals with the study of key thermophysical properties - phase transition temperatures (liquidus, 
peritectic transformation and solidus) with use of DTA (Differential Thermal Analysis) and “direct” thermal 
analysis (TA). Results obtained with these two very often used methods at heating and cooling process are 
presented. There are presented results from the high temperature region with focus on the melting and 
solidifying region of Fe-C-Cr-Ni-Mo based metallic alloys. The paper discusses obtained results at 
heating/cooling process, with different loads of analyzed samples and other factors that can influence the 
obtained results. The evaluation of DTA - curves and heating/cooling curves is demonstrated. The obtained 
experimental phase transition temperatures are mutually compared and discussed. Temperatures of liquidus, 
peritectic transformation and solidus are discussed with values theoretically calculated by selected SWs, such 
as Thermo-Calc and IDS (solidification analysis package) and with values delivered by steel company 
producer. Differences between liquidus, peritectic transformation and solidus temperatures were encountered 
(in some cases substantial) between theoretical and experimental values. 

Keywords: Temperatures, liquidus, peritectic transformation, solidus, Fe-C-Cr-Ni-Mo alloys 

1. INTRODUCTION  

It is necessary, for each steel production company, to improve and optimize production processes continuously 
to compare favourably with other competitors. The better control of the entire steel production cycle - from 
selection of quality raw materials, through proper control of primary and secondary metallurgy processes [1], 
and finally, the optimum setting of casting and solidification conditions [2], is necessary for modern competitive 
steel making company.  

To improve and optimize the technological processes of steel production, it is necessary to know, among 
others, the proper material data. One of many important data for steel production process are phase transition 
temperatures (from low [3, 4] and also high temperature region [5-7] up to 1600 °C). In the high temperature 
region, there are the most important temperatures of liquidus, peritectic transformation and solidus, which are 
important mainly for setting of casting conditions and for a simulation of casting and solidification of real 
technological processes related to steel production - modelling of casting processes using e.g. PROCAST SW 
[1] etc.  

This paper presents results obtained by two methods of thermal analysis. Presented results (temperature 
of liquidus TL, peritectic transformation TP and solidus TS) were obtained using TA - “direct” thermal analysis 
and DTA - Differential Thermal Analysis. Experimentally obtained data were discussed and compared with 
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results calculated using SW Thermo-Calc (ver. 2017a, TC SW) and database TCFE8 and also with results 
obtained using kinetic SW IDS and delivered liquidus temperature values by steel plant producer. 

2. EXPERIMENT 

Ten alloys with graded elements content based on Fe-C-Cr-Ni-Mo were studied. Chemical composition 
(selected main elements) is presented in Table 1.  

Table 1 Chemical composition of analyzed Fe-C-Cr-Ni-Mo alloys, (wt.%) 

 

Direct thermal analysis (TA) and Differential thermal analysis (DTA) were used for obtaining of phase transition 
temperatures. More specific information about these two methods can be found e.g. in [8]. Two experimental 
systems were used for phase transition temperatures determination: Netzsch STA 449 F3 Jupiter for direct 
thermal analysis (TA, S - type thermocouple) and Setaram SETSYS 18TM with DTA sensor (S - type, tri-couple) 
for Differential thermal analysis. Phase transition temperatures were obtained by use of DTA (sample mass 
about 150 mg) at heating process - heating rate was 10 °C.min-1 and also TA method (sample mass about 
24 g) at controlled cycling experiments - two heating runs and two cooling runs were performed; heating and 
cooling process at 5 °C.min-1. Samples were analysed in corundum crucibles in inert atmosphere of Ar (6N). 
Temperature calibration was performed using Ni (4N5) or Pd (5N). Corrections respected influence of heating 
rate and influence of mass of sample were performed.  

3. CALCULATIONS  

Theoretical calculations were performed using kinetic SW IDS (InterDendritic Solidification) 
and thermodynamic SW Thermo-Calc. IDS SW simulates the solidification phenomena from liquid down 
to 1000 °C [9]. The calculation did not include elements Sn, B, As, Sb, Pb, Bi. The CALPHAD method 
is implemented for calculation with SW Thermo-Calc [10]. For calculation with TC SW, following elements: Fe, 
C, Mn, Si, P, Cu, Ni, Cr, Al, Mo, V, Nb (diamond and graphite were excluded from calculation) were included. 
Theoretical temperatures of liquidus, used in real casting process, were delivered by our industrial partner. 

4. RESULTS AND DISCUSSION  

DTA curves, heating and cooling curves, were obtained from experimental measurements (only 
sample 7 is presented), Figures 1 - 3. Phase transition temperatures are denoted for each of the presented 
curve (temperature of liquidus - red, temperature of peritectic transformation - blue and temperature of solidus 
- green).  

C Cr Ni Mo

1 0.25 0.94 0.03 0.75
2 0.28 0.61 0.03 0.17
3 0.31 1.06 0.04 0.24
4 0.32 1.54 0.89 0.19
5 0.37 1.09 0.03 0.23
6 0.38 1.99 1.07 0.21
7 0.38 5.00 0.30 0.15
8 0.38 4.99 0.26 1.16
9 0.41 1.08 0.03 0.21

10 0.43 4.98 0.09 1.22

Steel
(wt. %)
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Figure 1 DTA curve of analyzed steel (7), 
heating 10 °C.min-1, melting 

Figure 2 Heating curve of analyzed steel (7), heating 
5 °C.min-1, melting  

 
Figure 3 Cooling curve of analyzed steel (7), cooling 5 °C.min-1, solidification 

All obtained data were compared to each other. Evaluated temperatures of liquidus are presented also by 
Table 2. Phase transition temperatures are compared with calculated isoplethal equilibrium phase diagram 
(Fe, C, Mn, Si, P, Cu, Ni, Cr, Al, Mo, V, Nb are incl. for calcs, Fe and C content is changing), see Figures 4 - 7. 

Experimental temperatures of liquidus summarized in Table 2 are in good agreement in the case of samples 
1-6, 8 and 10 (the difference is no more than 6 °C). The largest deviation was revealed by samples 7 and 9. If 
compared experimental temperature values with delivered temperature values by industrial partner and 
calculated using IDS, so the differences are in maximum 7 °C in case of samples 1-3. Higher differences were 
encountered by samples 4-6 and 9, up to 12 °C. The smallest agreement is between temperatures of liquidus 
for samples 7, 8 and 10. The results indicate, that mainly the higher the content of carbon and chromium cause 
the larger temperature differences (see samples 7, 8 and 10).   

Liquidus temperatures and solidus temperatures are also presented with phase diagrams calculated by SW 
TC, Figures 4-7. Good agreement between experimental and theoretical values is observable for 
temperatures of liquidus and solidus for samples 1-6, differences no more than 5 °C. The substantial higher 
differences were observed for samples 7-10. The maximum difference does not exceed 14 °C in the case of 
TL. The largest difference was encountered by temperature of solidus: 61 °C (sample 8). 
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Table 2 Temperatures of liquidus, experimental (DTA and TA) and theoretical, (°C) 

 

Peritectic transformation was observed by all the samples and the start of peritectic transformation was 
evaluated at heating process (by DTA). These temperatures are also included in Figures 4-7. It is possible to 
state that the differences between calculated and experimental values are not so large like in the case of 
solidus temperature but also are not in so good agreement like selected liquidus temperatures. The differences 
between TC SW calculation and experimental values is up to 12 °C, only by the sample 7, 8 and 10 is the 
difference up to 22 °C.  

Figure 4 Comparison of TL, TP and TS obtained by 
DTA with calculated isoplethal phase diagram, 

steel samples 1-5 and 9 

Figure 5 Comparison of TL, TP and TS obtained by 
DTA with calculated isoplethal phase diagram, steel 

sample 4 

It is possible to conclude, like in the case of comparison of liquidus temperature with IDS values and values 
delivered by industrial partner, that the main influence on phase transition temperatures will have the carbon 
and chromium. The largest differences were observed between TC SW calculations and experimental values 
again by samples 7, 8 and 10. Substantial differences were observed for all three evaluated temperatures (TL, 
TP and TS). 

Similar trends were observed if experimental temperature values were compared with delivered values by 
industrial partner, calculated by IDS and also by SW TC. It seems that the higher the carbon and chromium 
content in samples the larger the differences can be encountered. From the technological point of view it is a 

Heating Cooling

DT DT
1 1502 1502 1502 0 1503 1508 6
2 1500 n.m. n.m. 0 1500 1507 7
3 1498 1503 1499 5 1497 1503 6
4 1498 1501 1495 6 1506 1500 11
5 1492 1493 1487 6 1492 1497 10
6 1486 1486 1484 2 1496 1487 12
7 1465 1473 1468 8 1493 1474 28
8 1474 1480 1476 6 1491 1475 17
9 1485 1496 1490 11 1488 1494 9
10 1470 1475 1471 5 1488 1470 18

Note: n.m. means not measured.

Max. 
difference

TL TL

Steel
DTA

TA Max. 
difference

Indust. 
partner

IDS
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possibility to shift TL (mainly by samples 6-8 and 10) to lower values and consequently to lower the costs by 
casting and solidification - optimize the technological process. The optimization is planned also using SW 
ProCast via simulation of casting and solidification of steels using presented original experimental data. 
But implementation to the real process has to be performed very carefully.    

  

Figure 6 Comparison of TL, TP and TS obtained by 
DTA with calculated isoplethal phase diagram, 

steel sample 6 

Figure 7 Comparison of TL, TP and TS obtained by 
DTA with calculated isoplethal phase diagram, steel 

samples 7, 8 and 10 

5. CONCLUSION 

Original and new data - values of liquidus (TL), peritectic transformation (TP) and solidus (TS) temperatures 
were obtained using DTA and Direct thermal analysis using Setaram and Netzsch equipments 
of Fe-C-Cr-Ni-Mo based alloys. Substantial differences were encountered for all obtained phase transition 
temperatures mainly by samples with higher carbon and chromium content. New obtained data can be used 
for databases and SW enhancement. Liquidus temperatures can be used directly for optimum adjusting 
of casting temperature and all three transition temperatures via e.g. SW Procast (used at our working site) for 
the whole casting and solidification process. It seems that alloys based on Fe-C-Cr-Ni-Mo with higher carbon 
and chromium content are still worthy of higher attention. 
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Abstract  

Three alloys based on Fe-C-Cr were studied. These alloys contained carbon in a range of 0.31 - 0.38 wt.% 
and chrome 1.06 - 4.99 wt.%. Temperatures of solidus (TS), liquidus (TL) and peritectic transformation (TP) 
were studied in high temperature region. These temperatures were obtained using two thermal analysis 
methods: "Direct" Thermal Analysis (TA) and Differential Thermal Analysis (DTA). The Setaram Setsys 18TM 
was used for experiments with use of DTA method. Measurements were done in inert atmosphere of pure 
argon by heating rate of 10 °C.min-1. The Netzsch STA 449 F3 Jupiter was used for experiments with use 
of "direct" TA method. Measurements were done in inert atmosphere of pure argon by heating and cooling 
rate of 5 °C.min-1. Phase transformation temperatures were obtained by heating and cooling process. 
Experimental data were compared and discussed with calculation results using IDS (Solidification analysis 
package) and SW Thermo-Calc with use of the TCFE8 (Thermo-Calc Fe-based alloys) database. 
Temperatures of solidus (TS), liquidus (TL) and peritectic transformation (TP) were obtained. Difference 
between experimental and theoretical values temperatures of liquidus was relatively low. With increasing 
content of carbon and chrome grew the difference between theoretical and experimental values 
by temperature of solidus and peritectic transformation.  

Keywords: DTA, “direct” TA, temperature of phase transformation, Thermo-Calc, Fe-C-Cr alloys 

1. INTRODUCTION  

One of the most important binary systems of engineering practice is Fe-C system (the bases of many steels) 
[1, 2]. At present days empirical relationships [3] and thermodynamic calculations [4] are most often used for 
obtaining of thermophysical and thermodynamic properties of steels (phase transition temperatures, heat 
effects of phase transformations, heat capacity and others). Experimental measurements are used much less. 
The confrontation of theoretical and experimental data show that there are differences between them, often 
significant [5]. 

In high temperature region (for alloys based on Fe-C) temperatures of solidus, liquidus and peritectic 
transformation are the most important. These temperatures are important for example for adjusting of casting 
conditions and for simulations of real technological production processes of steels [6]. In low temperature area 
many authors deal with study of temperatures of the eutectoid transformation, temperature of the end of the 
ferrite to austenite transformation and temperature of the start of the pearlite formation [5].  

To obtain thermophysical and thermodynamic properties, thermal analysis methods are often used [7]. 
This paper presents results obtained by two thermal analysis methods: "Direct" Thermal Analysis (TA) 
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and Differential Thermal Analysis (DTA). "Direct" thermal analysis (TA) is based on direct measurement 
of temperature of the sample. Temperature is carried out in dependence on time during the sample is heating 
or cooling in controlled atmosphere [8]. By Differential Thermal Analysis (DTA) temperature effects during 
continuous linear heating or cooling in controlled atmosphere are studied. The temperature of the analysed 
sample is measured relative to the temperature of reference sample [7].   

Temperatures of solidus (TS), liquidus (TL) and peritectic transformation were experimentally obtained. These 
were discussed and compared with results calculated using SW Thermo-Calc (ver. 2015b) and database 
TCFE8 and with results obtained using kinetic SW IDS. 

2. EXPERIMENT 

Three alloys based on Fe-C-Cr were studied. Carbon and chrome content of these alloys shows Table 1. 
Temperature calibration was performed using Ni (4N5) or Pd (5N). Corrections were performed with respect 
to influence of heating rate and sample mass. 

Table 1 Carbon and chrome content of studied alloys, (wt. %) 

Alloy C Cr 

A 0.308 1.058 

B 0.320 1.540 

C 0.380 4.990 
 

For obtaining the values of temperatures of phase transformations by use of "Direct" Thermal Analysis (TA) 
Netzsch STA 449 F3 Jupiter (TA, S - type, thermocouple, see Figure 1 and compare with DTA sensor) was 
used. The measurements were carried out in alumina crucibles in inert atmosphere of argon (6N), sample 
weight was cca 23 g and the heating and cooling rate was 5 °C.min-1. Each type of alloy was observed by two 
measurements at the same conditions at controlled cycling experiments - two heating runs and two cooling 
runs. 

For obtaining the phase transformations temperatures Differential Thermal Analysis (DTA) Setaram Setsys 
18TM (with DTA sensor, S-type, tri-couple, Figure 1) was used. The measurements were carried out in alumina 
crucibles in inert atmosphere of argon (6N), sample weight was cca 190 mg and the heating rate was 10 
°C.min-1. Each type of alloy was analysed by three measurements at the same conditions at heating process. 
DTA sensor has one thermocouple with three thermocouple “ends” in series and TA sensor has one 
thermocouple, see arrangement at Figure 1. 

                     
DTA sensor 

 

                  TA sensor 

Figure 1 Arrangement of DTA and TA sensor 
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3. CALCULATIONS  

Theoretical calculations were performed using kinetic SW IDS (InterDendritic Solidification) 
and thermodynamic SW Thermo-Calc, version 2015b and database TCFE8. IDS module simulates 
the solidification phenomena from liquid down to 1000 °C [9]. The calculation did not include elements Sn, B, 
As, Sb, Pb, Bi. The CALPHAD method is used for calculation by SW Thermo-Calc [10]. For calculation are not 
included elements Sn, As, Sb, Pb, Bi (this element is not defined in software database), also diamond 
and graphite phases are excluded.  

4. RESULTS AND DISCUSSION  

DTA curves, heating and cooling curves, were obtained from experimental measurements, Figures 2 - 4. 
Temperatures of phase transformations are marked on curves. Experimental phase transition temperatures 
and theoretical values are presented in Table 2.  

4.1. Temperature of solidus, TS 

Temperature of solidus obtained by DTA for alloy A is 1447 °C, by TA (heating) 1449 °C and by TA (cooling) 
regime 1451 °C. Solidus temperature calculated using SW Thermo-Calc is 1449 °C and by SW IDS 1446 °C. 
Temperature interval of detected solidus temperature is 1447 - 1451 °C. Theoretical interval for solidus 
temperature is 1446 - 1451 °C. These intervals almost overlap. 

Temperature of solidus obtained by DTA for alloy B is 1445 °C, by TA (heating) 1447 °C and by TA (cooling) 
regime 1437 °C. Solidus temperature calculated using SW Thermo-Calc is 1451 °C and by SW IDS 1438 °C. 
Temperature interval of detected solidus temperature is 1437 - 1447 °C. Theoretical interval for solidus 
temperature is 1438 - 1451 °C. These intervals overlap with small deviations. 

Temperature of solidus obtained by DTA for alloy C is 1397 °C, by TA (heating) 1405 °C and by TA (cooling) 
regime 1410 °C. Solidus temperature calculated using SW Thermo-Calc is 1395 °C and by SW IDS 1386 °C.  

Table 2 Experimental and theoretical temperatures of phase transformations of alloys, (°C) 

Temperature 
Experimental Theoretical 

DTA TA (heating) TA (cooling) Thermo-Calc* IDS** 

Alloy A 

TS 1447 1449 1451 1449 1446 

TP 1486 1484 1458 1486 1482 

TL 1498 1503 1499 1503 1502 

Alloy B 

TS 1445 1447 1437 1451 1438 

TP 1471 1473 1449 1458 1461 

TL 1498 1501 1495 1504 1500 

Alloy C 

TS 1397 1405 1410 1395 1386 

TP 1438 1441 1416 1449 1432 

TL 1474 1480 1476 1480 1475 

*elements not included for calculation: Sn, As, Sb, Pb, Bi 

**elements not included for calculation: Sn, B, As, Sb, Pb, Bi 
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Solidus temperature is 1397 - 1410 °C. 
Theoretical interval for solidus temperature is 
1386 - 1395 °C. These intervals do not overlap. 
Experimental temperatures of solidus are 
higher than theoretical.  

With increasing C (range 0.308 - 0.380 wt. %) 
and Cr (range 1.058 - 4.990 wt. %) 
temperature of solidus decreases, what is in 
agreement with the general knowledge. The 
highest is TS for alloy A, lower for alloy B 
and the lowest is TS for alloy C, experimental 
and theoretical temperature interval do not 
cover each other. It applies for all methods. 
Temperature intervals between detected and 
theoretical values have the best agreement for 
alloy A, lower for alloy B and the lowest for alloy 

C. Differences of temperature of solidus between thermal analysis methods could be (are) very often caused 
by problems with proper determination of start of melting process, especially by “direct” thermal analysis (TA). 
For temperature of solidus obtained by TA (cooling) unequivocal trend of temperature shift (TS) in depending 
on the chemical composition was not observed. It could be caused due to different undercooling of analyzed 
samples. Similar problems connected with cooling can be encountered in case of TP. Due to a different degree 
of cooling (without unequivocal trend) of alloys, when secondary phase nucleates (austenite). TP temperatures 
obtained at cooling were not included for discussion (are not representative). 

4.2. Temperature of peritectic transformation, TP 

The start of peritectic transformation temperature for alloy A is at 1486 °C (DTA), 1484 °C (TA, heating), 
calculated using SW Thermo-Calc is 1486 °C and by SW IDS 1482 °C. Temperature interval of detected 
temperature of peritectic transformation is 1484 - 1486 °C. Theoretical interval for temperature of peritectic 
transformation is 1482 - 1486 °C. These intervals overlap. 

The start of peritectic transformation temperature for alloy B is at 1471 °C (DTA) and 1473 °C (TA, heating). 
Temperature calculated using SW Thermo-Calc is 1458 °C and by SW IDS 1461 °C. Temperature interval 
of detected temperature of peritectic transformation is 1471 - 1473 °C. Theoretical interval for temperature 
of peritectic transformation is 1458 - 1461 °C. These intervals do not overlap. Detected temperatures 
are higher than theoretical.  

The start of peritectic transformation temperature for alloy C is at 1438 °C (DTA) and 1441 °C (TA, heating). 
Temperature calculated using SW Thermo-Calc is 1449 °C and by SW IDS 1432 °C. Temperature interval 
of detected temperature of peritectic transformation is 1438 - 1441 °C. Theoretical interval for temperature 
of peritectic transformation is 1432 - 1449 °C. These intervals partially overlap. 

With increasing C (range 0.308 - 0.380 wt. %) and Cr (range 1.058 - 4.990 wt. %) temperature of peritectic 
transformation decreases. The highest is TP for alloy A, lower for alloy B and the lowest is TP for alloy C.  
It applies for all methods. Temperature intervals between detected and theoretical values have the best 
compliance for alloy A, lower for alloy C and by alloy B are not overlapped. Detected temperature of peritectic 
transformation obtained TA (cooling) is unrepresentative and is influenced by undercooling and secondary 
nucleation of austenite phase, therefore we do not include this value in results.  

 

Figure 2 DTA curves of analyzed alloys, heating rate  
10 °C/min, melting 
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4.3. Temperature of liquidus, TL 

Temperature of liquidus for alloy A 
obtained by DTA is 1498 °C, TA 
(heating) 1503 °C and by TA (cooling) 
1499 °C. Theoretical value obtained 
by SW Thermo-Calc is 1503 °C and 
by SW IDS 1502 °C. Temperature 
interval of detected temperature 
of liquidus is 1498 - 1503 °C. Theoretical 
interval for temperature of liquidus is 
1502  ̶  1503 °C. These intervals 
overlap. 

Temperature of liquidus for alloy B 
obtained by DTA is 1498 °C, TA 
(heating) 1501 °C and by TA (cooling) 
1495 °C. Theoretical value obtained 
by SW Thermo-Calc is 1504 °C and 
by SW IDS 1500 °C. Temperature interval of detected temperature of liquidus is 1495 - 1501 °C. Theoretical 
interval for temperature of liquidus is 1501  ̶  1504 °C. These intervals partially overlap. 

Temperature of liquidus for alloy C obtained by DTA is 1474 °C, TA (heating) 1480 °C and by TA (cooling) 
1476 °C. Theoretical value obtained by SW Thermo-Calc is 1480 °C and by SW IDS 1475 °C. Temperature 
interval of detected temperature of liquidus is 1474 - 1480 °C. Theoretical interval for temperature of liquidus 
is 1475 - 1480 °C. These intervals overlap. 

With increasing C (range 0.308 - 0.380 wt. 
%) and Cr (range 1.058 - 4.990 wt. %) 
temperature of liquidus decreases. TL for 
alloy A and alloy B is missing to each 
other. TL for alloy C is lower than for alloy 
A and B. Temperature intervals between 
detected and theoretical values have the 
best agreement for alloy A and C and for 
alloy B partially overlap. Values of 
standard deviations were the smallest for 
DTA method (interval 0 - 2), middle for TA 
heating (interval 0 - 6) and the highest 
for TA cooling (interval 0 - 16). 
The highest difference for TA cooling was 
by temperature of peritectic 
transformation, therefore was this 
temperature excluded from the results. 

The differences between experimental results obtained by each method can be caused by different heating 
rate (DTA - 10 °C.min-1, TA - 5 °C.min-1), sample mass (alloy samples for TA analysis were 100 times larger 
than samples for DTA analysis), by cooling effect (undercooling) and by different arrangement of sensors 
(Figure 1).  

The differences between experimental and theoretical values may be caused by software (calculation method, 
simplifying assumptions, elements not included in to the calculation and other) and databases that are used 

 
Figure 3 Heating curves of analyzed alloys, heating rate  

5 °C.min-1, melting 

 
Figure 4 Cooling curves of analyzed alloys, cooling rate  

5 °C.min-1, solidification 
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the software. The difference between theoretical and experimental temperatures can be caused in some cases 
by chemical, phase and structural heterogeneity. 

5. CONCLUSION 

Liquidus (TL) and solidus (TS) temperatures and temperature of start of peritectic transformation (TP) were 
obtained experimentally and theoretically. They were discussed and compared. Experimentally obtained 
transition temperatures are close to calcucalted values. With increasing C (range 0.308 - 0.380 wt. %) and Cr 
(range 1.058 - 4.990 wt. %) temperature of solidus, liquidus and peritectic transformation decreases. 
The largest difference between experimental methods was observed for temperature of solidus for alloy C 
between DTA and TA (cooling), temperature range 1397 - 1410 °C. The smallest difference between 
experimental methods was in the case of temperature of peritectic transformation for alloy A (temperature 
range 1484 - 1486 °C) and alloy B (temperature range 1471 - 1473 °C). Difference between experimental and 
theoretical values of liquidus temperatures was relatively low. With increasing content of carbon and chrome 
grew the difference between theoretical and experimental values of solidus temperature and peritectic 
transformation. By experimental measurements more precisely temperatures of phase transformations in high 
temperature region were specifed. This fact, among others, could bring a benefit for real technological 
processes (e.g. casting and solidification) via optimization of processes using simulation SW (Procast, 
Magmasoft); larger homogeneity of products and reduction of defects could be reached. 
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Abstract 

In this work we propose a novel way to simulate solidification during continuous processes using a Generalized 
Finite Difference Method (GFDM). The meshfree nature of this approach gives the advantage of naturally 
capture the motion and phase boundaries reconstruction without the need of adaptive remeshing algorithms. 
This approach is based on the works of S. Tiwari, J. Kuhnert, E.O. Reséndiz-Flores and F.R. Saucedo-
Zendejo, which provide a background to solve general elliptic equations in a meshfree framework and their 
application to solve multiphase and heat transfer problems. The features behind this approach, details of its 
implementation and numerical results of the simulation of two two-dimensional benchmarks problems are 
presented. 

Keywords: Meshfree method, Finite Pointset Method, continuous casting, heat transfer, solidification 

1. INTRODUCTION 

Continuous casting processes are the most widely used techniques for the production of steel billets, blooms 
and slabs. Such processes begin with a step in which molten metal is poured into a water-cooled mould where 
heat from the nearby metal to the mould walls is extracted causing its solidification. Once the metal leaves the 
mould cooling zone, it is further cooled in a secondary cooling zone where water is sprayed on the casting 
surface. This cooling process continues until the casting reaches the cut-off unit [1]. In order to get 
homogeneous casting products the control of the continuous process parameters as cooling rates, casting 
velocity, inlet velocities and the casting temperature is needed. Unfortunately, it is very difficult to improve and 
optimize the processes using experimental techniques since it is impossible to measure the velocity, 
temperatures, pressures and stresses fields, specially within the mould region where complex physical 
phenomena exist [2]. Numerical simulation is commonly used to improve different processes because it 
provides a large amount of information that cannot be obtained through other methods [3]. 

Numerical mesh-based methods such Finite Volume Method (FVM) [4], Finite Element Method (FEM) [5], 
Finite Difference Method (FDM) [6], and more recently, meshfree methods as Local Radial Basis Function 
Collocation Method (LRBFCM) [2], Oñate’s Finite Point Method (FPM) [7] and Element-free Galerkin Method 
(EFGM) [8] have already been used to analyze this kind of processes. The advantages of meshfree methods 
over mesh-based methods are that they use a set of finite nodes scattered within a problem domain as well 
as on its boundaries to represent the problem domain and its boundaries without requiring any information 
about the relationship between nodes so that they do not form an element mesh which lets to model 
discontinuities and deformations in the domain without the need to use remeshing approaches. Therefore, this 
fact provides the flexibility to add or remove nodes wherever and whenever needed and it lets to easily develop 
adaptive schemes. 

A truly meshfree Generalized Finite Difference Method (GFDM) is the so called Finite Pointset Method (FPM) 
developed by J. Kuhnert [9]. It has proven to be far superior to traditional mesh-based and some other 
meshless methods to treat fluid dynamics problems with rapidly changing domains, free surface or multiphase 
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flows, and heat transfer problems [10, 11]. This is a Lagrangian strong-form method which uses the weighted 
least-squares (WLSM) interpolation scheme to approximate the spatial derivatives and to solve elliptic partial 
differential equations [10]. It has many advantages over other methods since it is able to naturally and easily 
incorporate any kind of boundary conditions without requiring any special treatment or stabilization and it is 
really simple to implement. Therefore, in this work we propose the application of Finite Pointset Method of 
Kuhnert to model heat transfer and solidification during continuous casting processes begin the first time, to 
the authors knowledge, that this method is applied in this particular research field. In order to get some insight 
on his performance we compare the numerical solution of two benchmark tests with experimental 
measurements and the predicted by other numerical methods. The structure of the paper is as follows: Section 
2 shortly describes the partial differential equations that it is going to be considered. Section 3 describes the 
basic ideas of FPM and the numerical procedure used to solve the governing equations followed by the 
numerical tests presented in Section 4 with the corresponding results. Finally some conclusions are given in 
last section. 

2. GOVERNING EQUATIONS 

The modeling of the solidification process will be done by means of the heat transfer equation which is given 
by 

                                                                                                                             (1) 

where  is the density (kg / m3), T is the fluid temperature (°C), k is the thermal conductivity (W / m·°C), v is 
the velocity (m / s), c is the effective specific heat (J / kg·°C) and t is time (s). The thermal problem is completed 
by specifying proper boundary and initial conditions. Typical boundary and initial conditions for this kind of 
problem can be written as 

                                                                                                                                                        (2) 

                                                                                                                                             (3) 

where ∂Ω indicates the kind of boundary, T0 is the initial temperature (°C), n is the outward unitary normal 
vector on ∂Ω and q is the local flux density (W / m2), which could be zero for isolated boundaries or could take 
the following forms: a) q = hc ( T - T ) in convection boundaries or b) q =  (T 4 + T 4) on radiation cooling 
zones, where hc is the convective heat transfer coefficient (W / m2·°C), T is the ambient temperature (K),  is 
the Stefan - Boltzmann constant (5.67  10-8 W / m2·K4) and  is the surface emissivity (considered as 0.8). 

3. NUMERICAL PROCEDURE 

Along this section we will describe some details regarding the numerical implementation of FPM applied to this 
thermal problem in continuous casting. If we discretize Equation (1) using the implicit Euler scheme with 
respect to time we obtain 

                                                                     (4) 

where ∆t denotes the time step (s) and the superscripts n and n+1 denote the level of time for T. Equation (4), 
which is an elliptic partial differential equation, can be written in the following general form 

                                                                                                                                   (5) 

where A, B, C and D are defined as: A =  c, B = ∆t ( cv - ∇k ), C = - ∆t k and D =  c Tn [11]. 
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3.1. The Finite Pointset Method 

In this section we describe the main ideas of the FPM method proposed by [9]. The FPM is a member of the 
family of the GFDM. The method is based on the WLSM. Following [12]: 

Let Ω be a given domain with boundary ∂Ω and suppose that a set of points r1, r2, ⋯ , rN are distributed with 
corresponding function values f(r1), f(r2), ⋯, f(rN). The problem is to find an approximate value of f at some 
arbitrary location f(r) using its discrete values at particles positions inside a neighborhood of r. To define the 
set of particles and the neighborhood of r, a weight function w (r - ri) is introduced 

                                                                                                               (6) 

where h is the smoothing length, α is a positive constant whose value is considered to be 6.5 and ri is the 
position of the i - th particle inside the neighborhood. A Taylor's series expansion of f(ri) around r reads 

                                                              (7) 

where ei is the truncation error of the Taylor's series expansion, rki and rk represent the k - th components of 
the position vectors ri and r, respectively. fk and fkl (fkl = fkl) represent the set of first and second spatial 
derivatives at particle position r. The values of fk and fkl can be computed minimizing the error ei for the np 
Taylor's series expansion of f(ri) corresponding to the np particles inside the neighborhood of r. This system 
of equations can be written in matrix form as e = M a - b, where e = [e1, e2, e3, ⋯ , enp]t, a = [f, f1, f2, f3, f11, f12, f13, 
f22, f23, f33]t, b = [f(r1), f(r2), ⋯, f(rnp)]t, M = [s1, s2, ⋯ , snp]t, si= [1, ∆r1i, ∆r2i, ∆r3i, ∆r11i, ∆r12i, ∆r13i, ∆r22i, ∆r23i, ∆r33i]t, 
∆rki = rki - rk, ∆rkli = (rki - rk) (rli - rl) and ∆rkki = 0.5(rki - rk) (rki - rk), for k, l = 1, 2, 3 and k ≠ l. The unknown vector 
a is obtained through WLSM by minimizing the quadratic form 

                                                                                                                                                    (8) 

which reads (Mt W M)a = (Mt W)b, where W = diag(w1, w2, ⋯ , wnp). Therefore, a = (Mt W M)-1 (Mt W)b. In this 
way we automatically get the values of the function and its derivatives at points r. 

3.2. FPM form for general elliptic partial differential equations 

General elliptic partial differential equations as Equation (5) have been already studied in [10]. Following their 
works we present, for completeness, the corresponding FPM discretization under this setting. In the FPM 
representation for a general elliptic equation, Equation (5) must be taken together with the system of np Taylor's 
series expansion of f(ri) around r. In this case, the matrices we need to compute by each particle in Ω take the 
following form: b = [f(r1), f(r2), ⋯, f(rnp), D]t, M = [s1, s2, ⋯ , snp, sE]t, and W = diag(w1, w2, ⋯ , wnp, 1), where sE= 
[A, B1, B2, B3, C, 0, 0, C, 0, C]t and B = [B1, B2, B3]t. 

If ri ∊ ∂Ω, additionally we have to add the corresponding boundary conditions in the system of equations. For 
the special case of this solidification problem, the boundary conditions (3) have the general form 

                                                                                                                                               (9) 

Therefore, in this case, the matrices we need to compute by each particle in ∂Ω take the following form: b = 
[f(r1), f(r2), ⋯, f(rnp), D, F]t, M = [s1, s2, ⋯ , snp, sE, sB]t, and W = diag(w1, w2, ⋯ , wnp, 1, 1), where sB= [E, n1, n2, n3, 
0, 0, 0, 0, 0, 0]t. 

If we define Q = [Q1, Q2, ⋯ Q10]t as the first row of (Mt W M)-1 and the terms in the moving least squares solution 
a = (Mt W M)-1 (Mt W)b are worked out, we can see that the following linear equations arises 
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                                   (10) 

where f(rj) denotes the unknown function value at particle j and n(j) the number of j-th particle neighbours. 
Since equation (10) is valid for j = 1, 2, ⋯ , N, this can be arranged in a full sparse system of linear equations 
LT = P which can be solved by iterative methods. Thus, all kind of solidification and thermal problems such as 
Equations (1, 5) can be solved in this way, just adding appropriate entries in the systems of equations [10, 11]. 

4. NUMERICAL EXAMPLES 

In order to validate the ability of FPM fomulation to simulate the solidification and thermal behavior in 
continuous casting processes, two simplified solidification tests of steel blooms are reported and compared 
with published experimental and numerical data [6, 7]. The numerical simulation of the solidification was carried 
out over transverse slices of a steel bloom considering variable material properties. In this way, the problem 
domain consisted in a rectangular metal sheet that was discretized with a set of nonstructured nodes. For both 
cases, the effective specific heat was considered as 

                                                                                                                 (11) 

where Hf is latent heat (J / kg), Cp(T) is the specific heat, TS is the solidus temperature, TL is the liquidus 
temperature, fs and Cm(T) are the solid fraction and the specific heat in the mushy zone. In the mushy zone, 
the thermal properties were calculated as fs = (TL - T) / (TL - TS), k = kS fs + kL(1 - fs), Cm = CpSfs + CpL(1 - fs), 
=Sfs+L(1 - fs). 

4.1. Example 1 

The first continuous casting case considered is that previously studied by Alizadeh et al. in [7]. The practical 
conditions for this case are as follow. Mould dimensions: 0.23  0.25 m, mould lenght: 0.78 m, casting velocity: 
0.75 m / min, mould level: 85 %, T0 = 1530 °C, TL = 1492 °C, TS = 1372 °C, kL=39 W / m·K, kS = 21.6 + 8.3510-

3T [W / m·K], L = 7965.98 - 0.619T [kg / m3], S = 8105.91 - 0.5091T [kg / m3], CpL=824.6157 J / kg·K, CpS = 
429.849 + 0.1498T [J / kg·K], Hf = 243000 J / kg, where the unit for use with T in the expressions above is °C. 
The solution of this example has been obtained with a discretized domain of 9300 particles with a spacing of 
0.0025 m. The smoothing length used in this simulation was ℎ = 0.00875 m with a time step ∆t =0.1 s. The 
boundary conditions for the bloom surface are divided in three main regions. The first corresponds to the mould 
region where a boundary condition with exactly the form of Equation 3 is applied. For details regarding with 
the calculation and the evolution of q with the distance from the meniscus we refer to the explained in [7]. Next, 
in the secondary cooling zone, the water sprayed produces a convection boundary condition with three 
different convective heat transfer coefficients: 512, 373 and 256 W / m2·K. The zones are delimited by the 
following distances from the meniscus, 1 m and 2.8 m. Finally, starting at 6.5 m from the meniscus, the 
secondary cooling zone is over and there is started a radiation cooling region. The simulation results for this 
case are shown in Figure 1. These results show an excellent agreement between the surface temperature of 
the bloom predicted by the formulation proposed in this paper and the numerical and experimental results in 
[7]. This indicates that FPM performs well to simulate the heat transfer during continuous casting processes 
and has enough accuracy to capture this thermal behavior. 
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Figure 1 a) Surface temperature predicted by FPM, and measured and simulated data in [7], b) temperature 
profile and c) solidification profile in the bloom computed by FPM for the Example 1 

4.2. Example 2 

The benchmark case considered here corresponds to the first case studied by Ramírez-López et al in [6]. In 
this case, the practical conditions are: Mould dimensions: 0.16  0.16 m, mould lenght: 0.628 m, casting 
velocity: 2.5 m / min, T0 = 1500 °C, TL = 1499.14 °C, TS = 1451.23 °C, whilst remaining material properties were 
taken as in the Example 1. The solution of this example has been obtained with a discretized domain of 9500 
particles with a spacing of 0.0016 m. The smoothing length used in this simulation was ℎ = 0.0055 m with a 
time step ∆t =0.05 s. In this test, the boundary conditions are divided also in three main regions. The first 
corresponds to the mould region where one more time a boundary condition as Equation 3 is applied. Next, in 
the secondary cooling zone, the water sprayed produces convection like boundary conditions, but in this case 
the configuration of the water sprays is taken into account. For details regarding the treatment of the last two 
kinds of boundary conditions we refer to [6]. Finally, as in the previous case, starting at 7.95 m from the 
meniscus, the secondary cooling zone is over and there is started a radiation cooling region. The simulation 
results for this case are shown in Figure 2. These results show an excellent agreement between the surface 
temperatures and the solidified shell thickness of the bloom computed by the FPM and the numerical and 
experimental results in [6]. There, minor differences in the surface temperatures can be observed which are 
directly attributed to the fact that in this work the thermal behaviors of some material properties were taken as 
in Example 1. However, these results show the effectiveness of this approach to model the thermal behavior 
and the evolution of the solidified shell thickness in continuous casting processes. 

 

Figure 2 a) Surface temperature predicted by FPM, and measured and simulated data in [6], b) temperature 
and solidification profiles simulated in [6], c) temperature profile and d) solidification profile in the bloom 

computed by FPM for the Example 2 
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5. CONCLUSION 

We have successfully implemented and reported for the first time and to the authors knowledge, the application 
of a GFDM as the FPM for the analysis of heat transfer and solidification processes in continuous casting. 
Based on the numerical performance shown in the numerical examples we can conclude that this approach 
can be used to successfully solve these kinds of processes in continuous casting. Since this approach is a 
truly meshfree method it can be used for the analysis of more complex physical phenomena in continuous 
casting as the coupling of heat transfer and fluid flow, thermo-mechanical processes and cracking growths. In 
this sense FPM is promising since it is a feasible much simpler for implementation and it is able to naturally 
and easily incorporate any kind of boundary conditions without requiring any special treatment or stabilization. 
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Abstract 

The spray cooling is a common cooling method in the steel industry (continuous casting, hot rolling, product 
cooling or heat treatment). The water is sprayed on the hot surface by the nozzle which transforms the water 
stream into droplets. Sprays can provide very high cooling rates with the benefit of the regulation of the cooling 
process. The spray cooling is influenced by several parameters. They can be divided into two groups. The first 
group deals with spray parameters like water impact density, water temperature, water additives and droplets 
size. The second group relates to cooled surface: temperature, velocity, roughness and presence of scales. 
This paper describes non-stationary spray cooling experimental measurement and deals with factors 
influencing the spray cooling. The influence of each factor is experimentally investigated and the influence on 
the heat transfer coefficient or Leidenfrost temperature is described based on experimental results and or 
existing publications. 

Keywords: Spray cooling, heat transfer coefficient, Leidenfrost temperature, scales, surface roughness 

1. INTRODUCTION  

The water spray cooling is a common cooling method in the steel industry (continuous casting, hot rolling, 
product cooling or heat treatment [1]). The spray cooling of hot surfaces (presence of boiling) is influenced by 
factors which relates to sprayed surface (temperature, velocity, roughness and presence of scales) and to 
spray (water impact density, water temperature, water additives and droplets size). Number of factors makes 
the prediction of the cooling intensity (heat transfer coefficient (HTC)) complicated and so the experimental 
measurement is only one way how to obtain exact value of the HTC for spray cooling of hot surfaces. The key 
factor is the water impact density [2]. There are some empirical correlations based mainly on this factor [2 and 
3] but their quality of the prediction is limited due to other not included factors. Although sprays can provide 
very high cooling rates with the benefit of the regulation of the cooling process, it is necessary to account all 
mentioned factors to be able exactly predict and regulate the cooling process. This paper deals with all 
mentioned factors and its influence on the cooling intensity (heat transfer coefficient and Leidenfrost 
temperature). There is also a description of the experimental measurement and data processing for obtaining 
the spray heat transfer coefficient. 

2. EXPERIMENTAL MEASUREMENT AND DATA PROCESSING 

A laboratory experimental apparatus (Figure 1) which simulates the spray cooling (secondary cooling zone) 
during continuous casting of the steel, was used for tests on the influence of different parameters which 
influences the spray cooling. A steel frame holds three major parts of the apparatus: the test stainless steel 
plate (EN 1.4828) with thickness of 25 mm, a moveable mechanism with a nozzle and a heater (heating up to 
900 °C - 1250 °C). The nozzle moves at a prescribed velocity under the static test sample. The nozzle moves 
in one direction with opened deflector and returned with closed deflector. The test plate is equipped by 
thermocouples which measure the temperature in the depth of 2 mm. The inverse heat conduction problem is 
used to compute the time dependent boundary conditions (heat transfer coefficient (HTC), heat flux, and 
surface temperature) from measured temperatures. Beck’s sequential approach, which uses a sequential 
estimation of the time varying boundary conditions and future time steps, is employed [4 and 5]. Examples of 
time-dependent measured temperature (2 mm above the surface), surface temperature and surface heat 
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transfer coefficient are shown in Figure 2. Further, the dependence of the HTC or heat flux on the surface 
temperature and position in the cooling section is obtained. The example of dependence of the avg. HTC and 
or heat flux on the surface temperature is shown in Figure 3. The average values are obtained by averaging 
the data along the position (symmetrical interval along the center of the nozzle’s jet in the direction of the 
nozzles movement). 

   
Figure 1 Experimental apparatus 

 
Figure 2 Measured temperature, computed surface temperature, and computed heat transfer coefficient 

 

Figure 3 Dependences of the heat transfer coefficient (blue) and heat flux (red) on the surface temperature 
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3. FACTORS INFLUENCING SPRAY COOLING 

Factors can be divided into two groups. The first group relates to cooled surface: temperature, roughness, 
presence of scales and velocity of the movement. The second group deals with spray parameters like water 
impact density, water temperature, water additives and droplets size. Later, the influence of each factor on the 
heat transfer coefficient and or Leidenfrost temperature is briefly described based on the experimental data 
measured in the Heat transfer and fluid flow laboratory (BUT) and based on existing publications. The 
experimental data were measured according previous description of the experimental process. 

3.1. Surface temperature 

The influence of the surface temperature on the spray cooling is significant and it relates to different boiling 
regimes. As described by many heat transfer text books [6 and 7], if a liquid is in near contact with a surface 
significantly hotter than the liquid's boiling point, the heat transfer boiling phenomena based on the heat flux 
data or a boiling curve (heat flux versus excess temperature) can be characterized by four different regimes: 
a) free convection (single-phase), b) nucleate boiling, c) transition boiling and d) film boiling. Based on the 
boiling curve, at the onset of the film boiling (between the transition boiling and film boiling regimes), the heat 
flux is minimal and the corresponding temperature is known as the Leidenfrost temperature (TL) or point. The 
critical heat flux (CHF) occurs when the heat flux reaches the maximum on the boiling curve. The CHF point 
is the transition point between transition boiling regime and nucleate boiling regime. Temperature areas for 
different boiling regimes are shown in Figure 3. It is evident that the HTC is significantly lower during film 
boiling regime than during nucleate boiling regime. 

3.2. Surface roughness 

Experimental research in the Heat transfer and fluid flow laboratory [8] showed that the surface roughness 
significantly influences the Leidenfrost point and critical heat flux point for spray cooling. It was observed that 
the critical heat flux increases with surface roughness (Ra) (Figure 4 - left) and the Leidenfrost temperature 
linearly increases with increasing surface roughness (Rz) (Figure 4 - right). Comparable results were 
observed during immersion cooling experiments [9]. 

  
Figure 4 Dependence of the critical heat flux on the surface roughness parameter Ra (left) and dependence 

of the Leidenfrost temperature on the surface roughness parameter Rz (right) [8] 

3.3. Scales layer on the surface 

The presence of scales (oxide layer) on the steel surface can significantly influence the cooling [10]. The 
thickness of the oxide layer and its porosity depends on the oxidation conditions and steel composition [11]. 
The presence of the oxide layer on the steel surface causes increase of the Leidenfrost temperature and 
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influences the critical heat flux (Figure 5). The Leidenfrost temperature linearly depends on the oxide layer 
thickness and thermal conductivity (porosity) of the oxide layer [12]. 

 

Figure 5 Influence of the oxide layer on the heat transfer coefficient [12] 

3.4. Surface velocity 

Raudensky and Horsky [13] by conducting experiments with a stainless steel surface cooled from 1100 °C to 
900 °C by mist nozzle found that the maximum HTC decreases with the increase of the velocity. The HTC 
profile at 0 m/min (stationary case) was symmetrical, with a sharp peak and became asymmetric with a wider 
and lower peak profile as velocity increased. The above result confirms the statement that casting velocity is 
a significant parameter influencing heat transfer [13]. 

3.5. Water impact density 

The amount of water which is sprayed on the cooled surface is commonly represented as water impact 
(impingement) density (푚̇퐿 [kg m-2 s-1]). Water impact density is significant factor, which influences the spray 
heat transfer. The increase of the water impact density increases the heat transfer coefficient for all surface 
temperatures (Figure 6). The increase of the water impact density increases the Leidenfrost temperature and 
the temperature at which occurs critical heat flux [14]. 

 
Figure 6 Influence of the water impact density on the heat transfer coefficient [14] 

3.6. Water temperature 

The water temperature is significant factor, which influences mainly the Leidenfrost temperature. Research 
performed with mist nozzles [15] and with water solid jet nozzles [16] showed that the increase of the water 
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temperature causes decrease of the Leidenfrost temperature. Extensive experimental research in the Heat 
transfer and fluid flow laboratory showed that this dependence is almost linear (Figure 7). This research was 
conducted with different types and sizes of nozzles according description in the chapter 2 of this paper. 

 
Figure 7 Influence of the water temperature on the Leidenfrost temperature 

3.7. Water additives 

Water additives mainly influences the duration of the film boiling regime. Additives can be split into two groups 
according their influence on the duration of the film boiling regime (extending and shortening). First group 
(extending) is composed of solid particles (ceramic particles, soot, nanoparticles [17]), gases (N2, O2 a CO2) 
and liquids (oil and fat) insoluble or poorly soluble in water. Second group (shortening) is composed of salts, 
acids and alkali, which are soluble in water. NaCl is most common inorganic salt, which is commonly used 
during immersion quenching but its use during spray cooling is unusual. [18] 

3.8. Water droplets size 

Generally, the droplet diameter has negligible effect on the spray cooling. Labeish [19] observed a slight 
decrease in heat removal rate in film boiling with the increasing drop size. It was observed that the critical heat 
flux is slightly higher for nozzles which produce smaller droplets [20]. 

4. CONCLUSION 

Except droplet size all other investigated factors (temperature, roughness, presence of scales, velocity of the 
movement, water impact density, water temperature, water additives) significantly influences the cooling and 
they should not be neglected in the modeling of the spray heat transfer. The increase in the surface roughness, 
oxide layer thickness (scales), water impact density or the decrease of the water temperature cause increase 
of the Leidenfrost temperature. The increase of the water impact density increases the heat transfer coefficient 
for all surface temperatures. The heat transfer coefficient decreases with the increase of the velocity of the 
steel plate. The increase of the surface roughness cause increase of the critical heat flux. The Water additives 
mainly influences the duration of the film boiling regime (change of the Leidenfrost temperature). 
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Abstract 

The mathematical model and computer simulation for prediction of mechanical properties of cast steel was 
developed. Because of wide range of applicability and ease of use of finite volume method (FVM), this 
numerical method was suitable to create integrated computer program for simulation of transient temperature 
field in process of solidification and cooling of casting. 

Distribution of hardness of cast steel has been predicted by conversion of calculated cooling times from 800 
to 500 °C to the hardness. The algorithm for prediction of hardness in casting is based on real chemical 
composition. The established procedure was applied in computer simulation of cast steel properties. 

Keywords: Computer simulation; steel casting; hardness; microstructure 

1. INTRODUCTION 

During the casting, many different physical processes, such as, solidification, solid state phase transformation, 
evolution of microstructure, diffusion, heat conduction, and mechanical stressing and distortion are at once 
taking place inside metal [1-5]. 

Computer simulation of the casting can be done by considering the issues such as achievement of tolerable 
casting defects, desired hardness distribution, microstructure distribution and required workpiece shape. Many 
very useful software are exist for the calculation of grain structure, porosity, hot tearing, and solid-state 
transformation. But, there are still questions on which answers should be given to satisfy all industry needs in 
mathematical modelling and simulation of casting [6-7]. 

Simulation capabilities have been extended beyond thermal and flow modelling for casting. The input of the 
simulation is composed of the following categories: geometry of casting, physical characteristics of the alloy 
and the moulds, kinematic boundary conditions and thermal boundary conditions. It is necessary to establish 
the appropriate algorithm which describes cooling process and to involve appropriate input data in the model. 
Inverse heat transfer problems should be solved to determine thermal properties for casting based on 
experimentally evaluated cooling curve results [8]. 

Proposed numerical model of casting in this work is based on finite volume method (FVM). The finite volume 
method (FVM) has been established as a very efficient way of solving fluid flow and heat transfer problems. 
The key feature of the FVM approach is that the FVM is based on flux integration over the control volume 
surfaces. The method is implemented in a manner that ensures local flux conservation, regardless of the grid 
structure [9]. 

2. COMPUTER MODELLING OF HEAT TRANSFER AND SOLIDIFICATION 

Numerical simulation of solidification gives consideration to both the motions of molten metal during the mould 
cavity filing process and convective motions after pouring. 

Complete process of solidification and cooling of casting is based on the following system of differential 
Equations (1-4) [2, 3, 10-12]: 
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- the Navier-Stokes Equations (1): 
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- the continuity Equation (2): 
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- the Fourier’s heat conduction Equation (3) including the convection term  
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Characteristic boundary condition Equation (4) is: 
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where T (K) is the temperature, t (s) is the time, ρ = ρ(T) (kg / m3) is the density, λ (W / (mK)) is the thermal 
conductivity coefficient, Ts (K) is surface temperature, Ta (K) is air temperature, α (W / (m2K)) is heat transfer 
coefficient, vr, vz (m / s) are the r- and z-component of velocity, respectively, µ(T) (Ns / m2) is dynamical 
viscosity coefficient, cef = c + L / (Tβ - Tα) (J / (kgK) is the effective specific heat of a mushy zone, L (J / kg) is 
the latent heat of solidification, c (J / (kgK)) is the specific heat, p (N / m2) is the pressure, gr, gz (m / s2) are 
the r- and z-component of gravitational acceleration, respectively, β (1 / K) is the volume coefficient of thermal 
expansion, r, z/m are the coordinates of the vector of the considered node's position, T∞ (K) is the reference 
temperature T∞ = Tin, r (m) is the radius. 

Increment of solidified part, fi in control volume can be calculated by Equation (5): 
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where mi (kg) is mass quantity increase of solidified part in control volume, mvol (kg) is mass quantity of control 
volume, cm (J / (kgK)) is heat capacity of liquid and solid mixture, T1 (K) is the temperature at the beginning 
and T2 (K) is the temperature at the end of time step ∆t. In proposed model, it was presumed that convection 
term has no relevant role and that liquid metal flow could be neglected after pouring [13]. Equations (1) to (3) 
were found out using the finite volume method. Physical properties included in Equations (1) to (5) should be 
defined [9, 14]. Accuracy of the heat transfer prediction directly influences to the accuracy of both, calculations 
of phase transformation kinetics and calculations of mechanical properties of steel. Involved variables in model 
should be additionally adjusted. 

Quantity of growth of solidified part of casting was predicted by calculation of solidification rate in control 
volume. When Σfi = 1, the mass of solidified part of casting will grow up for mass of control volume. 
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3. COMPUTER MODELLING OF HARDNESS AND MICROSTRUCTURE COMPOSITION 

Hardness and microstructure properties can be estimated based on isothermal transformation (IT) diagrams, 
continuous cooling transformation (CCT) diagrams and characteristic cooling times from 800 to 500 °C. 

When using isothermal transformation (IT) diagrams, in accordance to the Scheil’s additivity rule, characteristic 
microstructure transformation is completed when transformed part of microstructure, X is equal to one [15] 
according to Equation (6): 

  1
,0 0


t

TX
dt


              (6) 

where τ(X0, T) represent the isothermal transformation time for X = X0 at a temperature T, and t is the total 
transformation time. Time of isothermal transformation could be calculated by thermo-kinetic equations or 
could be found out by using IT diagram [15]. 

Transformed part of microstructure, X can be calculated by Avrami’s isothermal Equation (7): 

)exp(1 ntkX               (7) 

For purpose of numerical analysis by computer, it is convenient when kinetics of austenite decomposition is 
defined in an incremental form of Avrami’s isothermal equation. By differentiating the Avrami’s equation it 
follows that 
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and by extracting the time component from Equation (8) it follows that 
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Equation (9) can be written in an incremental form and the volume fraction ΔX of austenite transformed in the 
time interval Δti at temperature Ti can be calculated as follows: 
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Dependence of kinetic parameters k and n from Equation (10) on chemical composition of steel can be 
determined inversely by using data from IT diagrams, CCT diagrams and Jominy test results. 

According to additivity rule, the non-isothermal transformation kinetics can be described as the sum of a series 
of the small isothermal transformations. Figure 1 shows the scheme for microstructure prediction based on 
cooling curve and IT diagram. In Figure 1, the temperature range is divided into a series of small finite steps. 
Maintaining the time interval, Δti to sufficiently short times permits the assumption that the conditions are 
isothermal over each time step. It was assumed that each time step produces such a transformation as occurs 
in the IT diagram at the same temperature and microstructure composition. 

After calculation of microstructure composition at different location of cast steel, hardness can be estimated 
by: 

MMBBFFPP HRCHRCHRCHRCHRC XXXX           (11) 

where XP, XF, XB, XM are contents of ferrite, pearlite, bainite, martensite respectively, and HRCP, HRCF, HRCB, 
HRCM are HRC hardness of ferrite, pearlite, bainite, martensite respectively. 
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Figure 1 Prediction of microstructure composition from cooling curve and IT diagram 

When using continuous cooling transformation (CCT) diagrams, hardness and microstructure composition at 
different location of cast steel can be estimated by drawing the cooling curves in the CCT diagram. This is a 
very simple method which is often used. 

Also, hardness at different location of cast steel can be estimated by the conversion of the calculated 
characteristic cooling times from 800 to 500 °C, t8/5 to the hardness by using CCT diagram or Jominy 
hardenability curve. 

Hardness, microstructure composition of characteristic steel microstructure and characteristic temperature of 
austenite decomposition were calculated based on all three explained methods [16]. 

4. APPLICATION 

The developed method for prediction of mechanical properties and microstructure distributions were applied 
in design of two different castings. Computer simulation of mechanical properties of cast steel was done using 
the computer software BS-CASTING. The castings were made of steel EN 42CrMo4 and steel EN 100Cr6. 
The chemical composition of castings is shown in Table 1. 

Table 1 Chemical composition of steel castings 

Steel 
Chemical composition (wt.%) 

C Si Mn P S Cr Ni Mo Cu V 

EN 42CrMo4 0.44 0.14 0.62 0.011 0.025 1.19 - 0.23 - 0.16 

EN 100Cr6 1.05 0.25 0.33 0.030 0.020 1.53 0.31 0.01 0.20 0.01 

The geometry of the mould and castings is shown in Figure 2. Pouring temperature during the casting was 
1580 °C and the temperature of the mould was 105 °C. The steel castings are poured from the open top of the 
mould. The hardness distribution of the castings is shown in Figure 3. 
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Figure 2 Geometry, a) mould, b) steel casting Figure 3 Distribution of hardness of, a) 
EN 42CrMo4, b) EN 100Cr6 steel casting 

5. CONCLUSION 

The mathematical model of steel casting has been developed to predict the hardness distribution in a cast 
steel specimen. The numerical model of casting is based on the finite volume method. The model is consisted 
of numerical modelling of solidification, numerical modelling of transient temperature field, microstructure 
transformation in solid state, numerical modelling of hardness 

Input material properties involved in mathematical model of casting are additionally adjusted with experimental 
work by inversion method. 

Hardness in cast steel specimen points was calculated by the conversion of calculated cooling times from 800 
to 500 °C. 

A developed mathematical model has been applied in computer simulation of casting of two ingots made of 
steel EN 42CrMo4 and steel EN 100Cr6. It can be concluded, that hardness in cast steel can by successfully 
calculated by proposed method. 
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Abstract  

In the framework of optimising, correct setting of the casting process, knowledge of solidus temperature (TS) 
and especially liquidus temperature (TL) of produced steel grade is necessary. There are options to determine 
these temperatures: the use of empirical equations or calculations by specialised programs (thermodynamic 
databases). These calculations are based on the data of steel chemical composition and final temperature of 
phase transformation is then its reflection. TS and TL values then may not completely correspond to reality as 
well. It is very appropriate to employ a combination of different methods of thermal analysis and theoretical 
prediction for confrontation of experimental and calculated TL and TS. Three modern devices for high 
temperature thermal analysis and two specialised programs of theoretical prediction are available at the 
Faculty of Metallurgy and Materials Engineering. Direct thermal analysis method (dirTA) and parallel currently 
mass-enhanced method of thermal analysis, differential thermal analysis (DTA), were used for determination 
of TL and TS of studied real steel grades. Simultaneous application of both methods allows to reduce 
significantly disadvantages of each method and recommend proper TL and TS into the casting process and 
real conditions of industrial partner. Paper is focused on the discussion of TL and TS of steels cast into ingots 
(9 melts; 7 steel grades) analysed in the frame of a project TA0410035. Submitted evaluation refers an 
importance of the parallel utilization of different methods, their accuracy and reproducibility and also the 
divergences between TL and TS experimentally determined, empirically calculated and predicted by 
thermodynamic SWs’ calculations. 

Keywords: Steel, solidus temperature, liquidus temperature, thermal analysis, thermodynamic calculations 

1. INTRODUCTION  

Constantly increasing and strict requirements on quality of ingots and cast steel require a comprehensive 
approach to solve whole process of steelmaking. To ensure the cleanliness and micro-purity of steel [1, 2], the 
correct adjustment of the slag regime [3 - 5] during the secondary steel refining process plays a significant 
role. The assessment of strength characteristics is important for assuring the high quality of steel [6, 7].  
A numerical simulation also has considerable importance in steelmaking process. The implementation of 
simulation results [8 - 11] can significantly affects the quality of produced steel. Thermodynamic properties of 
materials, especially for casting and solidification of the steel, the solidus (TS) and liquidus (TL) temperature 
are among the most crucial parameters [11, 12]. Precise knowledge of TL is particularly important in relation 
to the superheat setting of steel before its casting. TS is related with the solidification process and range of 
two-phase region between TL and TS, which is affected by segregation phenomena [13 - 17]. Knowledge of 
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these critical temperatures is necessary not only for the correct setting of the technology of steel casting and 
proper solidification of steel, but also for precise setting of simulation conditions of steel solidification.  

This paper follows the previous research in the field of thermal analysis in the frame of the project TA0410035. 
Now, it summarise the results obtained for seven steel grades cast into ingots. The significance of parallel 
utilization of both presented methods of thermal analysis for an industrial practice of steel casting is evident. 

2. METHODS USED FOR THE IDENTIFICATION OF SOLIDUS AND LIQUIDUS TEMPERATURES 

Currently, it is possible to utilise a several dozens of thermo-analytical methods. Three of them are the most 
popular. In the field of thermal analysis, in the range of one half to three quarters of all professional works, 
these methods are employed: Differential Thermal Analysis (DTA), Differential Scanning Calorimetry (DSC) 
and Thermogravimetry (TG) [18-25]. Simultaneous combinations as TG / DTA and TG / DSC are often applied. 
In the past, Direct Thermal Analysis (direct measurement of the temperature change of the studied sample esp. 
under the linear cooling conditions) was also widely used [26]. This method is still applicable for measuring TL 
and TS of metallic materials. 

Generally, thermal analysis (TA) [27 - 30] allows to monitor the changes in the study material by measuring 
selected physical properties in dependence on time or temperature (phase transformations, heat capacity etc.). 
TA methods are predominantly dynamic processes and allow to obtain information about the status change of 
the sample. These processes require a non-isothermal temperature regime (usually linear heating or cooling 
of the sample). Changes of the studied material either directly by measuring the selected physical properties 
or indirectly by measuring of the properties at the surrounding of the sample are determined. 

A combination of two thermo-analytical methods (TA methods) - Direct Thermal Analysis (DirTA) and 
Differential Thermal Analysis (DTA) on two different professional systems for different sample mass (approx. 
22 g, resp. 120-210 mg)) for study of TL and TS temperatures of investigated steels were used. Results from 
both TA methods (TL and TS temperatures) and the empirical calculations and predictions by modern 
commercially SWs for phase transformation temperatures determining are also compared. A combination of 
all approaches ensures the achievement of the maximum possible correctness of the results.  

TL and TS temperatures under the linear heating / cooling conditions, and also under cyclic experiments  
(2 heating and cooling cycles, under the same conditions) by DirTA were acquired. Only under the linear heating 
conditions, TL and TS temperatures by DTA were determined. Experimental results (TL and TS from DirTA and 
DTA) with empirically calculated TL and TS temperatures (by empirical equations of industrial partner 
VÍTKOVICE HEAVY MACHINERY a.s. (VHM)) were compared. TS calculation in VHM is considered to be 
unreliable and in principle not applied. Experimental values were also predicted by modern commercial SWs 
IDS (Solidification Analysis Package), Thermo-Calc (database TCFE7) by own calculations (with regard to 
chemical composition available).  

3. RESULTS AND DISCUSSION  

Completely 9 melts of 7 steel grades are discussed. For two steel grades, the samples of two melts with a 
different chemical composition, but within the tolerance of the individual steel grade specifications were 
analysed. TS and TL temperatures were experimentally determined for each steel grade by both methods of 
thermal analysis (DirTA and DTA). The aim of the paper is not a detail analysis of the results for individual 
steel grade, but to achieve a comprehensive view on the results obtained not only by DirTA and DTA thermo-
analytical methods, but also based on their confrontation with TL, resp. TS, predicted by empirical equations 
used in conditions of industrial partner (VHM) and with two thermodynamic professional SWs (IDS, Thermo-
Calc). Therefore, TS temperature by DTA under the conditions of linear cooling weren’t identified. However, 
due to the higher sensitivity of the sensor, TS temperature for all investigated steels by DTA, were also 
determined.  
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3.1. The analysis of the liquidus temperature  

Experimentally and empirically determined TL for analysed steel grades are summarized in Table 1. 
Experimentally captured TL temperatures in the average form and as corrected values of the experimental 
conditions obtained from two correctly performed analyses are presented. Standard deviations (SD) for each 
average TL temperature were also calculated to verify the reproducibility of the results.  

Table 1 Liquidus temperatures obtained by different methods; (°C) 

Steel 
grade 

DTA dirTA 
VHM IDS T-Calc 

Heating SD Heating SD Cooling SD 

A 
1440 3 --- --- 1441 3 1469 1451 1453 

1444 0 1447 0 1433 5 1463 1448 1451 

B 
1465 0 1479 0 1468 1 1493 1474 1482 

1474 1 1480 0 1476 0 1491 1475 1480 

C 1464 2 1473 1 1462 2 1485 1476 1477 

D 1486 2 1486 1 1484 1 1496 1487 1488 

E 1470 1 1475 1 1471 1 1488 1470 1475 

F 1483 0 1487 0 1482 0 1496 1486 1487 

G 1498 0 1501 1 1495 1 1506 1500 1504 

For the first investigated steel grade the results under the conditions of linear heating couldn’t be identified by 
dirTA. High degree of reproducibility of the results achieved by both methods of TA due to very low values of 
standard deviations (SD) under the linear heating conditions is demonstrated. Under the linear heating 
conditions standard deviations are calculated in the range from 0 to 2 °C. The highest value of the standard 
deviation (3 °C) for the first steel grade was registered. The maximum standard deviation under the linear 
cooling conditions for the second steel grade is achieved. To obtain one final TL temperature which should be 
recommended as optimal TL temperature for the adjustment of steel casting technology the following approach 
has been chosen:  

1) Experimental results with a high degree of reproducibility are more accurate than empirically calculated.    
2) To avoid a threat (based on recommended temperatures by TA) of steel casting process, the highest TL 

temperature from the three TL experimentally determined (TA) temperatures (2x linear heating, 1x linear 
cooling) is recommended for each melt (grey mark and bolt font in Table 1). 

Values got by dirTA method are selected for a final recommendation of TL temperature from linear heating 
conditions for almost of all studied steel grades (also evident in Table 1). Values obtained under the linear 
cooling condition only for the first steel grade are recommended. TL temperatures acquired under the 
conditions of linear heating were difficult to measure. The final TL temperatures recommended for B, E, F steel 
grades also correspond to Thermo-Calc. For steel grade D the same results were achieved by DTA and DirTA. 
TL divergences obtained by different methods of determination against recommended final TL are shown in 
Table 2. 

Within the various applications of TA methods for studied steel grades, the divergences of determined TL 

temperature exceed -5 °C or even -10 °C (Table 2). Considering the above presented methodology of 
recommendation of final TL temperature, these divergences are negative. Currently in real conditions (VHM), 
the empirically calculated TL for most studied steel grades is higher by tens of degrees Celsius and ranges 
from 5 to 28 °C. TL values predicted by IDS are in some cases higher (up to 10 °C), in other are lower (max. 
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to -5 °C). In three cases, the identical TL temperatures as the recommended TL by Thermo-Calc were predicted. 
For other steel grades, a positive divergence (2 - 4 °C) was found. The first steel grade has  
a divergence 12 °C. 

Table 2 Divergences from the final recommended TL obtained by different methods; (°C)  

Steel grade 
DTA dirTA 

VHM IDS T-Calc 
Heating Heating Cooling 

A 
-1 --- 0 28 10 12 

-3 0 -14 16 1 4 

B 
-14 0 -11 14 -5 3 

-6 0 -4 11 -5 0 
C -9 0 -11 12 3 4 

D 0 0 -2 10 1 2 

E -5 0 -4 13 -5 0 
F -4 0 -5 9 -1 0 

G -3 0 -6 5 -1 3 

3.2. The analysis of the solidus temperature  

Solidus temperature appears to be less significant than TL in the operational conditions of steelmaking. 
However, its importance can’t be ignored, especially in the case of casting of heavy ingots. The main reason 
is that in the two-phase region between TL and TS temperatures, the conditions supporting a number of 
processes with a negative impact on the quality of cast ingot exist. Correct setting of TS and TL temperatures 
can significantly affects the results of numerical simulations whose are necessary to recommended 
interventions to optimise the casting process. TS temperatures are summarized in Table 3. 

Table 3 Solidus temperatures obtained by different methods; (°C)  

Steel 
grade 

DTA dirTA 
VHM IDS T-Calc 

Heating SD Heating SD Cooling SD 

A 
1280 10 --- --- --- --- 1125 1319 1318 

1307 0 1308 12 1412 5 1097 1302 1309 

B 
1365 8 1385 4 1385 8 1354 1382 1404 

1397 2 1405 6 1410 13 1354 1386 1395 

C 1362 1 1393 3 1417 18 1282 1381 1381 

D 1432 2 1436 4 1437 6 1358 1417 --- 

E 1374 1 1389 5 1394 7 1334 1361 1311 

F 1421 1 1412 1 1435 5 1316 1423 1413 

G 1445 2 1447 2 1437 12 1390 1438 1451 

It wasn’t possible to determine TS temperature for the first steel grade by DirTA. It wasn’t possible to calculate 
TS temperature for steel grade D by Thermo-Calc. Standard deviations of TS temperature identification by TA 
methods are already higher, although for most steel grades analysed under the conditions of linear heating by 
DTA, standard deviations only from 0 to 2 °C have been observed. Due to the generally problematical 
determination of TS temperature, standard deviations can be considered as satisfactory. Higher differences in 
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standard deviations can be related with slightly different character of the solidification process of individual 
steel samples. 

As the final recommended TS (from TA analysis) for practical use in conditions of industrial partner, the lowest 
values (grey mark and bolt font in Table 3) in accordance with the above approach were selected. Most of 
them under the linear heating conditions by DTA have been achieved. Exceptions are steel grades F and G 
for whose TS temperatures obtained by DirTA method as final were recommended. The values of D and F 
steel grades are marked in italic form in Table 3 due to both TL and TS temperatures for the same thermal 
analysis method and same conditions (linear heating) were selected as industrially applicable. More 
complicated situation of final TS determination is evidently based on the fact that the empirical equations (VHM) 
nor SWs predictions (IDS, Thermo-Calc) didn’t fit the final recommended TS temperatures. Divergences from 
finally recommended TS temperatures are shown in Table 4. 

Table 4 Divergences from the final recommended TS obtained by different methods; (°C)  

Steel grade 
DTA dirTA 

VHM IDS T-Calc 
Heating Heating Cooling 

A 
0 --- --- -155 39 38 

0 1 105 -210 -5 2 

B 
0 20 20 -11 17 39 

0 8 13 -43 -11 -2 

C 0 31 55 -80 19 19 

D 0 4 5 -74 -15 --- 

E 0 15 20 -40 -13 -63 

F 9 0 23 -96 11 1 

G 8 10 0 -47 1 14 

Furthermore, it is also possible to observe that divergences of TS temperature obtained by different methods 
from the final recommended values are more pronounced than in the case of TL identification (usually in the 
order of tens of degrees of Celsius for individual melts). However, there are steel grades where these 
differences are less than 10 °C and where the TS obtained by different methods from the final recommended 
value differ by the hundreds of degrees of Celsius. Due to the procedure of recommendation of final TS 
temperatures - recommended TS values are always higher than other thermal analysis methods’ results. 

Utilisation of the empirical equations applied in conditions of industrial partner always lead to lower TS values. 
With the use of thermodynamic SW, some calculated values were higher, other lower than the final 
recommended TS obtained based on thermal analysis methods. 

3.3. Analysis of two-phase region between TL and TS  

To illustrate an importance of determination of TS was further proceeded to compare the temperature interval 
between the two-phase region between TL and TS (Table 5). 

Values of the temperature interval from TL to TS recommended by the thermal analysis in column TA in Table 5 
can be registered. Temperature intervals achieved by each other type of prediction (VHM, IDS, Thermo-Calc) 
in the next three columns are demonstrated. The last three columns show values of the differences between 
the values of Thermal Analysis (TA) and values of the intervals obtained by the theoretical 
calculations / predictions.   
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Conclusively, differences in the prediction of the two-phase temperature interval for individual steel grades 
within the individual prediction method exist. The range of the temperature interval of two-phase region 
identified by the TA methods, as well as SW predicted values, is in the order of tens or hundreds of degrees 
of Celsius. The temperature intervals of two-phase region obtained by empirical prediction (VHM) for the 
individual steel grades are always in the order of hundreds of degrees of Celsius. 

Table 5 Range of two-phase temperature intervals for individual steel grades by the use of different methods  
  of their identification; (°C)  

Steel grade TA VHM IDS T-Calc 
Divergences from TA values 

VHM IDS T-Calc 

A 
161 344 132 135 183 -29 -26 

140 366 146 142 226 6 2 

B 
114 139 92 78 25 -22 -36 

83 137 89 85 54 6 2 

C 111 203 95 96 92 -16 -15 

D 54 138 70 --- 84 16 --- 

E 101 154 109 164 53 8 63 

F 75 180 63 74 105 -12 -1 

G 64 116 62 53 52 -2 -11 

When comparing the temperature intervals of the range of the two-phase region, determined by the empirically 
calculations, it is possible to find close temperature intervals and conversely wider temperature intervals than 
were experimentally determined by TA methods (Table 5). These differences are again the most significant in 
the case of empirical calculations (VHM), where the temperature interval between TL and TS is always 
estimated to be wider than measured one. Range of two-phase regions by both SWs predicted were in some 
cases close in other ones they were wider than determined by TA methods. 

4. CONCLUSION 
The paper presented results of determination of liquidus and solidus temperatures for various steel grades cast into 
ingots by different methods. Two methods of thermal analysis were employed. On Netzsch STA 449 F3 Jupiter 
experimental system, method of direct thermal analysis (dirTA) was applied. Steel samples by Differential Thermal 
Analysis (DTA) were analysed by Setaram SETSYS 18TM experimental system. Results of thermal analysis 
methods with the predictions of the solidus and liquidus temperatures calculated by empirical equations supplied 
by industrial partner (VMH) and with the results of calculations with sophisticated programs Thermo-Calc IDS were 
compared.  
Acquired knowledge can be summarised as follows: 

1) Because the real analysis performed using standardized methods on real samples, not by means of 
empirical calculations, TL and TS temperatures obtained by thermal analysis methods were selected for 
further evaluation. In particular, TL temperatures show a high degree of reproducibility of results. 

2) It is obvious, that the parallel application of different methods of thermal analysis and different mass of 
the steel samples makes it possible to compare the results of these analyses and then recommend the 
more critical and proper TL and TS values. 

3) Divergences between TL temperatures for individual steel grades across the different used methods of 
prediction as were compared were generally less problematic that TS determination. However, these 
divergences can’t be generally considered insignificant even in the case of TL.  
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4) Temperature ranges from TL to TS in most cases show significant differences depending on the choice 
of the used method of prediction. Here, the impact of choosing the final recommended TL and TS is the 
most significant. 

These findings indicate that the problematics of verification of TL and TS temperatures requires a comprehensive 
approach using multiple methods of solution. More significant differences against calculations can be expected 
especially for special steels grades with a high content of carbon or alloying elements. Finally, the operational 
experiments in real plant conditions should be proceed to adjustment of the casting technology to gain savings not 
only in the field of superheat temperature of steel before casting.  

Furthermore, it is appropriate to implement measured results into numerical simulations focused on the 
optimization of steel casting technology and solidification of the steel. It should lead to more accurate results 
corresponding to real conditions. 
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Abstract 

Experimental and theoretical investigation of temperatures of phase transformations (temperature of liquidus 
TL, temperature of peritectic transformation TP, temperature of solidus TS, temperature of the end of αγ 
transformation Ac3, and temperature of the start of eutectoid transformation Ac1) of these alloys were 
experimentally measured. All investigated temperatures were also calculated by Thermo-Calc software.  

Comparison of measured and calculated temperatures of phase transformations was performed and good 
agreement was found for temperatures of liquidus and solidus. Discussion of identified differences between 
measured and calculated temperatures was also done.  

Keywords: Temperature of phase transformation, melting, αγ transformation, Fe-C alloy, Thermo-Calc 

1. INTRODUCTION  

It is well-known, that chromium has significant effect onto properties of Fe-C based alloys/steels [1, 2]. 
Temperature of liquidus TL decreases with increasing amount of Cr [3] while temperature of solidus slightly 
decrease with increasing amount of Cr [4]. Chromium also has influence on the stability of retained austenite 
[5] and formation of intermetallic phases [6], so temperatures connected with αγ transformation have to be 
also affected by this element.  

Investigated quantities can be measured using thermal analysis methods. One of the most commonly used 
methods is Differential thermal analysis (DTA) [8]. Another commonly used method is Differential scanning 
calorimetry (DSC) [9].  

Properties of Fe-C alloys/steels are nowadays often calculated using different software (i.e. Thermo-Calc [10], 
FactSage [11], CompuTherm [12]). Quality of theoretical results often depends on the settings of calculations 
[13], so for the best quality of theoretical calculations is necessary to use all the possibilities of the software 
settings.  

In this paper, the DTA method was used for investigation of temperature of liquidus TL, temperature of peritectic 
transformation TP, temperature of solidus TS, temperature of the end of αγ transformation Ac3 and 
temperature of the start of eutectoid transformation Ac1. All temperatures were also calculated using Thermo-
Calc software with TCFE8 (Thermo-Calc Fe-based alloys) database. 

2. EXPERIMENTAL  

Chemical composition of investigated Fe-C based alloys is in Table 1. Samples were ground up and washed 
in acetone under ultrasound before measurement. Measurements were done under inert atmosphere of pure 
argon (6N). All experimental values in this paper were obtained from heating runs and all experimental 
measurements were done three times for statistical purpose.  
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Table 1 Chemical composition of Fe-C based alloys (wt. %) 

Sample C Cr Mn Si S Cu Ni 

1 0.270 0.738 1.148 0.233 0.004 0.075 0.032 

2 0.284 0.614 0.790 0.208 0.009 0.068 0.029 

3 0.252 0.940 0.360 0.295 0.002 0.070 0.030 

Temperatures of phase transformations were measured using the Setaram SETSYS 18TM device (Figure 1). 
Heating rate was set to 10 °C·min-1 for measurements in high-temperature area (temperatures of liquidus TL, 
peritectic transformation TP and solidus TS).  

 
Figure 1 Setaram SETSYS 18TM device. 

For low-temperature area (temperatures of the end of αγ transformation Ac3, and temperature of the start of 
eutectoid transformation Ac1) was heating rate set to 5 °C·min-1. Temperature calibration was made using pure 
metals (Pd and Al). Temperature of liquidus TL was also calibrated to experimental conditions (i.e. sample 
mass, heating rate) according to [14].  

3. CALCULATIONS  

Calculation were performed using the Thermo-Calc software with TCFE8 (Thermo-Calc Fe-based alloys) 
database [15]. This software based on the CALPHAD approach allows many settings of calculations. In this 
paper, full chemical composition and all phases (except for graphite and diamond) were allowed.  

4. RESULTS AND DISCUSSION 

4.1. Melting area 

All three temperatures of phase transformations in the melting area (TL, TP and TS) decrease with increasing 
amount of Cr [16]. Temperatures of liquidus TL and solidus TS also decrease with increasing amount of Mn 
[17]. Moreover, temperatures of liquidus and solidus decrease with increasing amount of carbon [18].  
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Table 2 shows experimentally and theoretically obtained temperatures of phase transformations in the melting 
area (temperature of liquidus TL, temperature of peritectic transformation TP and temperature of solidus TS) for 
all three investigated samples.  

Table 2 Temperatures of liquidus TL, peritectic transformation TP and solidus TS (°C) 

Sample 
TL TP TS 

Experimental Calculated Experimental Calculated Experimental Calculated 

1 1500 ± 1 1506 1491 ± 1 1487 1446 ± 5 1456 

2 1500 ± 1 1506 1491 ± 1 1488 1449 ± 4 1447 

3 1506± 4 1508 1476 ± 6 1477 1464 ± 5 1435 

Calculated temperatures of liquidus TL are in very good agreement with experimental values; difference is up 
to 6 °C for all three samples. Samples 1 and 2 have same experimental TL (1500 ± 1 °C) and Thermo-Calc 
also calculated same value of TL (1506 °C). Sample 3 has a little bit higher experimental TL than for samples 
1 and 2 and calculated TL is a bit lower than for samples 1 and 2, too.  

Samples 1 and 2 have same experimental TP (1491 ± 1 °C), but sample 3 has significantly lower experimental 
TP (1476 ± 0 °C). Sample 3 has higher amount of Cr (0.94 wt. %) than samples 1 and 2 (0.738 wt. % and 0.614 
wt. %, respectively), so this should be the cause of lower values of TP. Calculated values of TP of all three 
investigated samples are in very good agreement with experimental values of TP, difference is up to 4 °C.  

Experimental and calculated TS are in good agreement for samples 1 and 2 (difference is up to 10 °C). For 
sample 3, calculated temperature of solidus is 29 °C lower than measured value. This could be caused by the 
highest amount of Cr and/or the lowest amount of Mn.  

4.2. Area of αγ transformation 

Both investigated temperatures (Ac3 and Ac1) decrease with the amounts of Cr [19] and also Mn [20]. According 
to obtained (experimental and theoretical) values of Ac3 and Ac1, it looks like the amount of Mn has higher 
impact on the shift of both temperatures than the amount of Cr.  

Table 3 shows calculated and measured temperatures of phase transformations in the area of αγ 
transformation (Ac3 and Ac1) of all three investigated samples.  

Table 3 Temperature of the end of αγ transformation Ac3, and temperature of the start of eutectoid  
     transformation Ac1 (°C) 

Sample 
Ac3 Ac1 

Experimental Calculated Experimental Calculated 

1 813 ± 1 793 756 ± 0 710 

2 811 ± 1 800 748 ± 0 720 

3 849 ± 1 832 776 ± 1 744 

All calculated values of Ac3 and Ac1 temperatures are lower than corresponding experimental values. The 
difference between measured and calculated values of Ac3 is cca 15 °C and the difference between measured 
and calculated values of Ac1 is cca 30 °C 

This could be caused by the calculations in the equilibrium state (Thermo-Calc does not allow calculations in 
non-equilibrium state). All phases (except for graphite and diamond) were allowed for calculations, so it is 
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possible, that samples contain different minor phase (phases) than those determined by Thermo-Calc software 
(i.e. M23C6, M7C3).  

Experimental values of Ac1 were set to extrapolated onset of peak and this onset depends on the heating rate 
[21], so this should be also one of the reasons for lower agreement between experimental and theoretical 
values of Ac1.  

5. CONCLUSIONS 

All calculated temperatures of phase transformations in the melting area (temperature of liquidus TL, temperature of 
peritectic transformation TP and temperature of solidus TS) are in very good agreement with measured values, except 
for one value of TS. Difference between values is up to 6 °C for temperatures of liquidus, 4 °C for temperatures of 
peritectic transformation and 10 °C (respective 29 °C) for temperatures of solidus.  

Calculated temperatures of phase transformation in the area of αγ transformation (temperature of the end of 
αγ transformation Ac3 and temperature of the start of eutectoid transformation Ac1) are significantly lower 
than experimental values. Calculated temperatures Ac3 are 11-20 °C below experimental values and 
calculated temperatures Ac1 are 28-46 °C below experimental values. 

Based on the performed experiments, it appears that Mn has higher influence on all investigated temperatures of 
phase transformation (TL, TP, TS, Ac3 and Ac1) than Cr. 
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Abstract 

In MATERIAL AND METALURGICAL RESEARCH LtD. we made a proposal, manufacturing and verification 
of oxygen-nitrogen nozzle. This nozzle is a part of a vacuum and pressurized induction melting furnace (VPIM) 
and it works at pressure 10-20 kPa(a). Experimental melt with increasing the nitrogen content in molten steel 
by nitrogen gas will be carried out at low pressure. First, we will use the oxygen-nitrogen nozzle and then we 
will use a porous block located at the bottom of the casting ladle. 

Keywords: Melt, chromium, nitrogen, nozzle, oxygen 

1. INTRODUCTION 

The production of stainless steels is technologically and energetically demanding. Stainless steels contain 
chrome as well as relatively expensive nickel, which is replaced by cheaper nitrogen. From the current 
development of stainless steel constructions, it is clear that nitrogen alloying is mainly used for low-carbon. 
The production of the steel melt is carried out on primary and secondary metallurgical aggregates, where a 
refining melt is performed on a VOD (Vacuum Oxygen Decarburization). The aim of this work is research and 
development and design of technology, which leads to an acceleration of the increase the content of nitrogen 
in the melt during the processes in the Vacuum Oxygen Decarburization (VOD). This will reduce the time of 
the melt. Reducing the time of the melt entails a reduction in the energy intensity of the production, namely a 
reduction in energy consumption, less lining wear and so on.  

Experimental melts will be first realized in MATERIAL AND METALLURGICAL RESEARCH s.r.o. (MMR) to 
use knowledge for industrial manufacturing facilities. The technology is designed for quality X4CrNiMo16-5-1 
with a slightly modified chemical composition, see Table 1. 

Table 1 Chemical composition of quality X4CrNiMo16-5-1, standardized and for experiments (wt. %) 

 C Mn Si P S Ni Cr Mo V N 

Standard min - - - - - 4.00 15.00 0.80 - 0.0200 

max 0.06 1.50 0.70 0.040 0.030 6.00 17.00 1.50 - - 

Experiments in 
MMR  

min 0.15 0.25 0.25 - - 4.50 15.00 0.90 - - 

max 0.20 0.35 0.35 0.025 0.020 5.50 16.50 1.20 0.10 - 

The transition of nitrogen into molten steel is governed by the Sieverts relationship, which assumes its atomic 
dissolution. The dependence of the nitrogen content in the iron melt on the partial nitrogen pressure describes 
the relationship (1) by [1]. 

          (1) 
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where:  
 KN ... The equilibrium constant of the dissolution process [weight %], 
 ..Coefficient of nitrogen activity in the iron melt, [1], 

 ... The relative partial pressure of nitrogen over the iron melt, [1]. 

Equilibrium constants of the CN express the solubility of nitrogen in iron under standard conditions. This means 

its maximum content at a pressure of 0.1 MPa, = 1, fN = 1 and by [1] is [%N] = 1/2N2 (g). The 

dependence of nitrogen solubility on temperature describes the relationship (2). 

         (2) 

and the corresponding dependence of the reaction free enthalpy on temperature is given by the equation (3). 

  [J]          (3) 

The equation (2) shows that the solubility of nitrogen in iron at 1,600 °C is 450 ppm, but decreases significantly 
when the melt solidifies. In iron, due to the formation of nitrides, it again increases slightly, then decreases in 
iron α to about 15 ppm at 600 °C. 

Alloying elements have a significant influence on the solubility of nitrogen in steels, especially in high alloy 
stainless steels. The effect of aliasing elements presents the value of the activity coefficient fN, see (4).  

           (4) 

This influence can be expressed using interaction coefficients . The temperature dependence of the 

interaction coefficients expressing the influence of the elements on the nitrogen activity was described by 
Chipman relationship (5). 

         (5) 

Thus, the dependence of the solubility of the nitrogen in the liquid steel on the temperature can be expressed 
by the equation (6) and (7). 

       (6) 

    (7) 

For high-alloy steels (e.g. CrNi steels), the calculation is refined by the knowledge of the interaction coefficients 
not only of the first order but also of the second order and of the cross values coefficients, see equations (8).  

    (8) 

The values of the interaction coefficients, for important alloying additives for stainless steels, are quoted, for 
example, by Bůžek at work [2], Table 2. 
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Table 2 Interaction coefficient values 1, 2 and cross values [2] 

X, [wt. %]    

Cr -0.0468 +0.00034 - 

Nb -0.0667 +0.00019 +0.00136 (Cr-Nb) 

Mo -0.0106 - +0.00002 (Cr-Mo) 

Ni +0.0107 - -0.00041 (Cr-Ni) 

Si +0.047 - -0.00149 (Cr-Si) 

The above elements are further subdivided according to their influence on the solubility of the nitrogen in the 
steel, where: 

 It has a positive influence on the solubility of nitrogen: Cr, Mn, V, Nb a Mo, 
 It has a negative influence on the solubility of nitrogen: Ni, C, P and Si. 

The contents of the alloying elements affect on the solubility of the nitrogen in the steel melt as well as on the 
resulting structure. So we divide them into austenitic and ferrite forming: 

 The austenitic forming elements extend area γ in the equilibrium diagram: C, Ni, Cu, Mn, N 
 The ferrite-forming elements decrease area γ in the equilibrium diagram: Cr, Mo, Si, Al, W, Ti, Nb, V 

The deoxidizing additive Si increases the fluidity of the steel and thus improves the weldability of the material. 
A very high silicon content results in the elimination of intermetallic phases and the reduction of nitrogen 
solubility in steel, we are talking about high nitrogen contents of approx. 0.3% and more.  

The author [3] recommends steel alloying to a maximum content of 0.8 % Si, preferably up to 0.5% Si. 

1.1. Alloying of nitrogen gas through the bottom of the ladle  

Increasing the nitrogen content in the liquid nitrogen by the nitrogen gas at the beginning of the VOD utilized 
a lining block placed in the bottom of the ladle. The use of the blow mold was during or after the reduction 
phase. In this way, the steels listed in Table 3 were produced. [4] 

Table 3 Steels alloyed by nitrogen gas by the lining block [4] 

Quality Nitrogen (wt. %) Quality Nitrogen (wt. %) 

X5CrNiN 19.7 0.15-0.25 X3СrNiMоN 13.5 0.12-0.17 

X15CrNiSiN 25.13 0.15-0.25 X2СrNiMoN 22.5 0.08-0.15 

X2CrNiMoN 18.12 0.12-0.22 X2NiCrMoCu 25.20.5 0.04-0.075 

X2CrNiN 18.l0 0.12-0.22 X4CrNiMnMoN 19.10.5 0.28-0.35 

X10CrN 28 0.10-0.14 X5MnCr 18.13 0.22-0.20 

X70CrMnNiN 21.0 0.18-0.28 - - 

1.2. Alloying of nitrogen gas by using a nozzle  

According to the author [5], it is possible to overcome the steel melt quality AC11EXDP-304DP (cca 20 % Cr, 
8 % Ni, 0.03 % C, 1 % Mn) in a VOD with a nitrogen-only nozzle that blows only nitrogen. The efficiency of this 
process is about 45 %, with an increase the nitrogen content in the steel about 0.084 % N (from 0.021 % to 
0.105 %), in 90 t casting ladle with total nitrogen gas consumption 126 m3 per ladle. The maximum speed of 
nitrogen blowing is 600 m3.hour-1. 

X
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Basic effects on nitrogen solubility in steel 
 melt temperature, 
 partial nitrogen pressure above the melt, 
 chemical composition of the melt. 

The reaction of dissolution of nitrogen in the melt is governed by the relationship (9). This reaction is 
endothermic, which means that the nitrogen consumes heat during dissolution in the melt of steel. The time 
required to achieve thermodynamic equilibrium in the melt determines the kinetics of the reaction (9). 

푁 (푔) = [푁]            (9) 

Sulfur and oxygen also have an effect on nitrogen alloying into steel. The author introduces a slightly modified 
form of the relation of oxygen and sulfur to the suppression (10). 

훽 = . .            (10) 

The efficiency of nitrogen alloying in dependence on nitrogen flow in practical conditions for ladle of 30 t and 
85 t presents Figure 1. 

 

Figure 1 Efficiency of alloying of nitrogen gas in relation to nitrogen flow in 30 t and 85 t ladle of VOD 

1.3. Laboratory alloying of nitrogen gas from the top using a nozzle  

Laboratory alloying [6] of nitrogen was carried out in a resistive induction melting furnace with a melt weight of 
0.8 kg, in a corundum crucible with a melt of 316L with a liquidus temperature of 1,458 °C, the chemical 
composition see Table 4.  

At reduced and at atmospheric pressure, the nitrogen was bubbled through the upper nozzle and the argon 
was blown by bottom. Scheme of laboratory experiment see Figure 2. 

Table 4 Chemical composition of quality AISI 316L (wt. %) 

Element C Si Mn P S Cr Ni Mo N 

Content 0.031 0.57 1.00 0.021 0.004 16.13 10.12 2.12 0.028 
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Figure 2 Experimental device for vacuum nitrogen blowing process 

The Figure 3 shows the effect of the nitrogen content in the 316L stainless steel melt depending on the initial 
temperature 1,853 K (1,580 °C) and 1,833 K (1,560 °C) and on the blowing time.  

Nitrogen blowing was 0.1 l.min-1 in the first half of the flow, and the second half was 0.3 l.min-1. Within 
40 minutes at a pressure of 2 kPa and then at a pressure of 100 kPa. The final temperatures were 1,793 K 
(1,520 °C) and 1,773 K (1,500 °C). It can be seen from the figure that at a pressure of 2 kPa a higher nitrogen 
content than 0.05 % N can not be achieved. Subsequent increasing the flow and increasing the pressure 
increase the nitrogen content of the melt. The figure shows the effect of the temperature on the N content in 
the melt. 

 

Figure 3 Nitrogen content in 316L stainless steel melt depending on initial temperature 1,853 K (1,580 °C)  
and 1,833 K (1,560 °C) and blow time 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

107 

2. TECHNOLOGICAL PROCEDURE OF NITROGEN ALLOYING  

On the basis of the literary analysis of the problem of alloying melt by nitrogen under reduced pressure, a 
technological process of alloying of nitrogen under reduced pressure was proposed. 

For maximum approximation of the operating state, industrial metallic charge, alloying elements, slag-forming 
and reducing additives will be used in experimental tiles. Experimental melts will be carried out in the MMR in 
the VPIM device with a nominal mass of 1,750 kg, see Figure 4. For experiments, unit VPIM will be loaded 
with a 1000 kg melt. Unit VPIM can operate under low pressure 40 Pa(a) and overpressure at 500 kPa(a) 
when overpressure is made by Ar or N2. At the bottom of the induction furnace is implemented a blowing block 
capable of breathing Ar or N2. The VPIM is also equipped with an upper blowing nozzle on Ar and O2 in any 
ratio 0-100%. This oxygen-argon nozzle was adjusted to an oxygen-nitrogen nozzle to allow breathing of any 
ratio of the gas mixture N2 and O2, see Figure 5. 

 

Figure 4 Vacuum and overpressure induction melting furnace of nominal weight of 1,750 kg 

 

Figure 5 Vacuum and pressure induction melting furnace with oxygen-nitrogen nozzle, detail 

Stainless steel weighing 1,000 kg will be melting in a VPIM crucible by open chamber. After melting the steel, 
the following procedure will be followed for alloying the steel melt by nitrogen, first simultaneously with the 
VOD process and the second immediately after it: 

 under a low pressure of 20 kPa(a) and maintaining melting power, the mixture of O2 and N2 is blown 
and a sample of metal is taken between each blast sequence and the temperature is measured. The O: 
N ratios will be in the range 20-80: 80-20 at 21 Nl.min-1, for 20 minutes. 
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 Under a nitrogen pressure of 100 kPa, nitrogen will be blown on the surface and a sample of the metal 
is taken between each blast sequence and the temperature is measured. The nitrogen will be blown at 
a rate of 21 Nl.min-1 for 20 minutes when approximately 0.5 kg of nitrogen is alloyed and at 210 Nl.min-
1 for 20 minutes when 5 kg of nitrogen is alloyed. 

3. CONCLUSION 

The paper show the analysis of the alloying of stainless steel melt using nitrogen gas, focusing on the use of 
the knowledge at low pressure during the VOD process. On the basis of the literary analysis, the initial design 
of the pilot plant experiments was carried out, the first alloying of nitrogen will take place during the VOD 
process and the second after the VOD process is completed. 

The literary analysis shown that after the VOD process, the alloying by nitrogen gas is also carried out via the 
porous block. This variant will be further examined in terms of its practical technical and technological 
implementation into operating VOD. 
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Abstract  

High chromium iron castings have been observed to exhibit significantly varying mechanical properties. To 
establish the origin of inconsistencies in properties, the research was conducted in two phases. First, 
monitoring to maintain consistency of charge materials and pouring temperature in order to eliminate 
extraneous operational variables from causative factors. Second, microstructural variations and consistency 
in mechanical properties were characterised and compared for different heats with small deviations in chemical 
compositions within the specification BS4844:1986 Grade 3D of high chromium white cast iron. The 
investigation revealed that marked inhomogeneity of microstructure as a result of variation in particularly 
chemical composition as well as operational parameters such as inconsistencies in pouring temperatures. The 
solution to this problem lies in narrowing the specification range by raising the lower limits to 2.5% C and 25% 
Cr, as well as controlling the pouring temperature to around 1550oC and reducing solidification time as much 
as possible. 

Keywords: Chromium iron, variation, mechanical properties  

1. INTRODUCTION  

High chromium white cast iron is used extensively in the heavy duty rugged abrasion-percussive rock crushing 
in mining and construction industries. For such applications, wear and abrasion resistance is a critical property, 
which is exhibited by BS4844:1986 Grade 3D. However, the wide variation in mechanical properties of high 
chromium white iron castings despite conforming to the chemical specification has been a cause for concern 
among users in South Africa and beyond. In bid to solve the recurrent customer complaints the goal of this 
paper is to investigate the causes of inconsistences in mechanical properties of castings. The findings will 
provide technical data to solve the problem faced by producer foundries.  

2. LITERATURE REVIEW 

High chromium iron has been found to be a suitable material for such an aggressive applications such as 
minerals processing, quarrying where abrasive wear is required. The chemical composition is slightly hypo-
eutectic falling short of full eutectic of austenite and carbide resulting in an as-cast microstructure consisting 
of dendrites of primary austenite in the eutectic mixture of austenite and (Cr, Fe)7C3 carbides. The abrasion 
(or wear) resistance of high chromium white cast iron depends on the type of carbide, as well as its hardness, 
morphology, distribution and volume fraction. The orientation of the eutectic and precipitated carbides is also 
determining [1]. It is essential to note that the type M7C3 carbides are more preferable to any other types such 
as M3C, M23C6 (i.e. Cr,Fe)23C6 and M6C, which tend to be coarse and continuous. Ideally, primary austenite 
should be surrounded by the eutectic of discontinuous (Cr, Fe)7C3 carbides. The other carbide forms tend to 
appear with increasing M:C ratio [2]. Manganese plays a role in refining austenite and preventing pearlite 
formation [3]. A suitable morphology of austenite (γ) in a eutectic mixture of γ/M7C3 can be obtained through 
subsequent heat treatments [4]. High chromium white cast irons have been widely used for abrasion resisting 
applications, where good abrasion resistance is attributed to high content of eutectic carbides [5]. 
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Depending on the chemical composition of the melt, solidification of high chromium white cast irons begins 
with the formation of primary phase i.e. austenite in hypoeutectic alloys (or primary (Cr,Fe)7C3 in hypereutectic 
alloys) followed by the eutectic phase of γ + (Cr,Fe)7C3. Alloys of eutectic composition solidifies with eutectic 
cellular structure (γ + M7C3) [5]. It has been also found that the solidification of 27% Cr cast iron starts at 1538K 
(1265oC) with the formation of pro-eutectic austenite, followed by the mono-variant eutectic reaction (L → γ + 
(Cr,Fe)7C3) [6]. The carbide volume can be calculated from equation 1: 

% carbide volume = 12:33(%C) + 0:55(%Cr) - 15.2       (1) 

The typical phases in the microstructures of as-cast high chromium white cast iron are shown in Figure 1. The 
microstructure consists of primary austenite dendrites surrounded by a eutectic consisting of austenite and 
carbide of type M7C3 [4] in this case the carbide constituent in the eutectic is (Cr,Fe)7C3. 

 

Figure 1 The micrograph of as-cast high chromium white cast iron [4] 

The volume fraction of pro-eutectic austenite is determined by how far the composition of the alloy is from 
eutectic. The closer the composition is to eutectic the lower fraction of primary dendrites of austenite and vice 
versa. In other words, as the composition approaches the eutectic, the higher volume fraction of eutectic 
relative to primary austenite. The abrasion resistance originates also from work hardening that follows plastic 
deformation of austenite as a result of surface working. However, excessive impact may actually cause 
complete failure of component [7]. Thus, for high impact loading, the as-cast high chromium white cast iron 
may not perform well because of possibility of fracture. Castings are heat treated to tempered martensite while 
making an effort to keep retained austenite as low as possible to prevent its deleterious effects such as spalling 
[8].  

The eutectic composition has been found to be approximately 2.8 % C and 26.4 to 28 % (Cr) [9], which means 
that for compositions below eutectic, primary austenite solidifies out of liquid while the composition of remaining 
liquid gets progressively enriched with C and Mn solutes until the eutectic composition is reached, where the 
eutectic reaction occur as alternate solidification of austenite and (Cr,Fe)7C3 carbide, hence the final 
microstructure of primary austenite in the matrix of eutectic. In applications where relatively modest impact 
strength is required, the as-cast condition performs adequately.  

Figures 2 (a), (b), (c) and (d) illustrate a wide range of microstructures of as-cast high chromium white cast 
iron conforming to BS4844:1986 Grade 3D chemical specification. The topology and morphology of the phases 
in the microstructure will have a bearing on the mechanical properties. 
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(a) [6]              

 
       (b) [10] 

 
(c) [11]                                       

  
  (d) [11]  

Figure 2 Typical micrographs of high chromium white cast iron 

Heat treatment increases hardness of high chromium cast iron by destabilising the austenite and precipitation 
of Cr-rich secondary carbides generally at temperatures between 920oC and 1060oC for duration of up to 6 
hours depending the extent of transformation required (usually 1 hour per 25mm of section thickness), followed 
by air cooling to room temperature during which austenite depleted of Cr and C transforms to martensite [12]. 
The ejected Cr and C then form secondary carbides in a martensite matrix with little residual austenite. 
Hardness increased to between 700 and 850 HV as a result of the destabilisation heat treatment. The 
destabilised structure consists of the network of eutectic carbides and secondary carbides precipitated in the 
prior austenite matrix which has been mostly transformed to martensite. 

Tempering after quenching is often carried out at temperatures between 450 to 650oC, normally for up to 4 
hours in order to reduce the amount of the retained austenite in the matrix and eliminate residual stress after 
quenching. Care must be taken to prevent transformation to pearlite and coarsening of secondary carbides [4] 
with prolonged tempering. A pearlitic structure may however be required for machinability of such castings. 
The pearlitic transformation occurs after sub-critical annealing at between 690 and 705oC for several hours 
after which hardness decreases to 400-450 HV. The hardness of the as-cast austenitic high Cr cast irons 
ranges between 500 and 520 HV. The British Cast Iron Research Association reports typical hardness of as-
cast and annealed conditions is 400 HB with a mandatory minimum of 600 HB after heat treatment. Stabilised 
austenite in as-cast work hardens at the surfaces stained by deformation transforms to a wear-resistant 
martensitic structure on the surface in a similar way to the transformation that occurs in Hadfield steels.  

3. EXPERIMENTAL WORK 

The experimental work was carried out in two parts. In the first phase of experiment, samples were sectioned 
from button samples of four selected heats A, B C and D in order to investigate the extent of variation arising 
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from short range segregation in thin sections, solidification occurs rapidly due to fast cooling. The melting and 
casting was closely monitored to reduce process variation and thus be able to assess effects of compositional 
differences. In the second phase, samples were cut from runners of castings from different heats in order to 
investigate the effects of long range segregation occurring during solidification of thick sections. Specimens 
were cut during normal production schedule at a foundry that produces castings for ore crushing in mineral 
processing. Sample E, F, G, H, I and J represent runner samples from different heats. 

The metallurgical investigation was conducted at the Department of Metallurgy, University of Johannesburg. 
Chemical analysis of the cast iron was carried out using a Q4 Tasman spectrometer. Some samples were 
austenitised at 1050oC for 2 to 4 hours to allow saturation of austenite with C and Cr then rapidly quenced in 
oil followed by tempering at 500oC for 1 hour to 4 hours. As-cast and heat treated samples were sectioned, 
polished and etched in a mixture of ferric chloride and ethanol. Metallogaphic analysis was employed to 
evaluate the microstructural variation in as-cast as well as heat treated samples. Optical microscopy was 
carried out using the Olympus GX51 Inverted Microscope mounted with a camera for photomicrographs. The 
Scanning Electron Microscope (SEM) and the Energy Dispersive Spectroscopy (EDS) were employed for high 
resolution study of phases in the microstructure. 

4. RESULTS AND DISCUSSION 

4.1.  Chemical composition  
The internal specification used by the foundry shown in Table 1 was fairly comparable to the BS4844: 1986 
Grade 3D shown in Table 2, but with tighter control of elements with stipulated maximum limits. Carbon and 
chromium conform to Grade 3D. The deleterious elements such as sulphur and phosphorus were controlled 
to a maximum limit of 0.05% to improve the quality of castings. Keeping alloying elements e.g. Si (0.5-0.8%), 
Mn (0.6-1.0%), Ni (0.5%), Mo (1.5%) and Cu (0.5%) will have cost-saving implications. Manganese has the 
effect of refining the microstructure of the alloy and changes the carbide morphology and reduces size of 
carbides, perhaps because it contributes to stabilisation of austenite. Manganese also improves hardenability 
of cast iron and suppresses pearlite formation though lesser extent than Ni and Cu.  

Despite the close control in chemical composition within the spectification, the mechanical properties were 
observed to be variable, more so in large castings. This probably indicates gross microstructural changes even 
with small differences in chemical composition or there were considerable variations in parameters of the 
production process such as pouring tempertature and size of casting. These in turn determine the solidification 
time. 

Table 1 Chemical composition of selected samples and internal specification 

Element Internal Specification Sample A  Sample B  Sample C  Sample D  
C 2.0-2.8 2.722 2.528 2.681 2.645 
Si 0.5-0.8 0.654 0.635 0.644 0.740 
Mn 0.6-1.0 0.874 0.869 0.940 0.703 
P 0.05 max 0.022 0.020 0.023 0.022 
S 0.05 max <0.100 <0.100 <0.100 <0.100 
Cr 22.0-28.0 23.96 24.97 25.38 22.99 
Ni 0.5 max 0.299 0.295 0.537 0.272 
Mo 1.5 max 0.090 0.090 0.439 0.129 
Cu 0.5 max 0.081 0.072 0.137 0.080 
Fe Balance 71.20 68.88 67.61 70.82 
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Table 2 BS4844: 1986 Grade 3D specification of high chromium cast iron 

% C % Cr % Mo % Mn % Si  % Ni % Cu % S % P 

2.0-2.8 22-28 1.5 max 0.5-1.5 1.0 max 2.0 max 2.0 max 0.1 max 0.1 max 

4.2. Microstructures 
Figure 3 reveals somewhat little microstructural variation in the microstructures of button samples. The fact 
that some microstructural differences are observed in small button samples suggests that more pronounced 
variation in microstructures is expected in larger castings, where solidification time is much longer. The 
problem is exacerbated by when pouring temperatures are not standardized or controlled. Microstructural 
variation can be reduced to some extent by heat treatment, but gross segregation that occurs in large castings 
cannot eliminated entirely.  

 
Sample A                    

 
Sample B 

 
Sample C 

 
Sample D 

Figure 3 As-cast high Cr white cast iron micrographs from different heats 

Figure 4 shows six micrographs from as-cast Samples E, F, G, H, I and J that were cut from runner samples 
of different heats. The microstructural variation increases in severity from Sample E to Sample H with Sample 
E being the best and most refined while Sample H is the worst. In Sample F primary austenite is coarser with 
increased volume fraction when compared with Sample E, indicating that the chemical composition of Sample 
F was further from eutectic composition than that of Sample E. Samples G and H show gross dendrites of 
primary austenite indicating significant growth of austenite during solidification. The elongated austenite in the 
eutectic matrix that is observed in Sample H shows needle-like appearance of the eutectic that is indicative of 
some directionality in solidifying front. Samples I and J have irregular microstructures where primary austenite 
and eutectic are not as clearly distinct. Such microstructures result from faceted and non-faceted eutectic 
growth mechanism where a faceted and non-faceted phases solidify competitively forming irregular eutectic 
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structures [5], The differences in microstructures in samples E, F, G and H demostrated that small shifts in 
chemical composition have considerable effects on the microstructures and also mechanical properties of high 
chromium white iron.  

Controlling the chemistry of the alloy within a narrow range as well as strictly maintaining consistent pouring 
temperature reduces the microstructural variation. However, the cooling rate during solidification will always 
be dependent on the size of casting. In large sections cooling is much slower, resulting in long range 
segregation effects and variation in microstructures and mechanical properties.  

 
Sample E 

 
Sample F 

 
Sample G 

 
Sample H 

 
Sample I 

 
Sample J 

Figure 4 Microstructures of samples sectioned from runners 

Despite the hardness values being well above the minimum specification of 400 BHN, there is a significant 
scatter in the hardness values of button sample conforming to the chemical specification. Elaborate variation 
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would be expected in runner samples and larger castings more so when the chemical specification is wide (in 
terms of carbon and chromium contents).  

Basing on the general hardness profile of runner Samples E to J, it appears in that the more irregular the 
microstructure becomes (see Figure 3), the greater the degradation in mechanical properties. The hardness 
values of button samples in Table 3 are significantly higher than those of runner samples shown in Table 4, 
which is due to the size effect of castings. It is expected that segregation and hence microstructural variation 
would be more severe in bulk castings than in runner samples due to much longer solidification times. 

Table 3 Brinell hardness of as-cast high Cr white cast iron button samples 

Trial runs Sample A Sample B Sample C Sample D 

Test 1 587 507 592 555 

Test 2 555 534 643 518 

Test 2 601 547 627 564 

Average 581 529  620 546 

Specification 400 BHN minimum 

Table 4 Brinell hardness of as-cast high Cr white cast iron runner samples 

Trial runs Sample E Sample F Sample G Sample H Sample I  Sample J 

Test 1 514 510 435 471 467 472 

Test 2 503 488 448 464 465 464 

Test 2 507 503 441 471 473 466 

Average 508 510 441 469 468 467 

Specification 400 BHN minimum 

The as-quenched hardness averaging 526 BHN was below the required minimum of 600 BHN and almost 
comparable to the hardness of as-cast samples. Table 5 shows progressively increasing hardness from 1 hour 
temper to 2 hours, then decreased after tempering for 3 hours and 4 hours. This shows that prolonged 
tempering at 500oC beyond 2 hours results in lower hardness and thus reduced wear resistance. Tempering 
temperatures other than 500oC (within the recommended 450oC to 650oC) at varying times may have to be 
investigated. 

Table 5 Brinell hardness of heat treated high Cr white cast iron runner samples 

Trial runs Austenitized at 1050 and 
tempered at 500 for 1 hour  

Tempered at 500oC for 
2 hour 

Tempered at 
500oC for 3 

hour 

Tempered at 500oC 
for 4 hour 

Test 1 522 637 616 582 

Test 2 530 653 597 606 

Test 2 526 648 582 569 

Average 526 646 598 586 

Specification 600 BHN minimum 

5. CONCLUSION 

The chemical specification of 2.0 - 2.8% C and 22-28% Cr stipulated for the BS4844: 1986 Grade 3D high 
chromium white cast iron proves to be too wide to achieve a consistent microstructure and maitain comparable 
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mechanical properties as required by customers. It is recommended that foundry practitioners adopt a 
narrower internal specification of 2.5 to 2.8% C and 25 to 28% Cr while maitaining a C:Cr of 1:10.5 in order to 
guarantee (Cr,Fe)7C3 carbide type in the eutectic. Process parameters such as pouring temperature and 
solidification time have a bearing in the final microstructure. High pouring temperature will invariably lead to 
long solidification time leading to unwanted grain growth. Furthermore, with slow cooling rates meta-stable 
austenite decomposes to ferrite and the undesirable type (FeCr)23C3 secondary carbides even at low Cr to C 
ratio. Controlling pouring temperature of 1550oC is recomended. There will always be some variation in 
properties due to slow cooling caused by bulkiness of casting. This can be significantly reduced by narrowing 
the composition range and maitaining a consistent pouring temperature. For large castings, addition of 1.5% 
Mn is beneficial for refining austenite and suppressing the formation of pearlite. Chromite sand moulds are 
recommended for large castings to increase cooling rate and thus reduce solidification time. The optimum 
tempering time at a tempering temperature of 500oC was found to be 2 hours beyond which hardness 
decreased. 
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Abstract 

Three ferrous materials; Hadfield steel, high chromium white cast iron and austempered ductile iron (ADI) 
exhibit a similar phenomenon in which soft stabilised austenite transforms to hard martensite on the worked 
surface. This property is desirable in applications where toughness is required in the bulk of the component 
while the surface needs to be hard-wearing. Thus, the microstructure of the component may consist of meta-
stable austenite, which is meant to change to martensite by strain-induced transformation as a result of impact 
or wearing loads applied to the surface. The chemistry of alloys is very different while the metallurgy and 
transformation mechanisms are closely similar. In this paper, the differences, similarities as well as the most 
appropriate applications of the materials are discussed.  

Keywords: Hadfield, chromium, ADI, austenite, martensite 

1. INTRODUCTION 
The mechanical properties of toughness and strength have been known for be mutually exclusive in most 
ferrous materials. An attempt to gain toughness is almost invariably accompanied by loss of hardness and 
strength and vice versa. Metallurgists have had to compromise on the properties in a delicate balance that 
cannot be shifted, unless expensive alloying and heat treatments are employed. Sustained research has 
culminated in three special alloys that are manipulated to allow a component to exhibit the desired combination 
of toughness and strength during use. Hadfield steel, high chromium cast iron and austempered ductile iron 
(ADI) are alloys, which possess a rare and unique characteristic that is atypical of most ordinary ferrous alloys. 
The chemistry, microstructure as well as mechanisms by which toughness and strength are made to co-exist 
are reviewed in this paper. In application however, the materials are not necessarily interchangeable, 
particularly ADI, which has limitations in product size and working conditions. The scientific goal of the present 
paper is to explain that although the materials exhibit similar metallurgical behaviour, they are not exactly 
interchangeable. Thus this paper helps practitioners in material selection for application in appropriate 
circumstances. 

2. LITERATURE REVIEW 

2.1. Properties and behaviour of materials 
The conventional feature in the properties of ferrous alloys and other materials is the inverse relationship 
between hardness (and strength), and toughness (and ductility). As hardness increases, toughness decreased 
and vice versa [1]. Hardness (H) is the resistance to penetration or deformation, which is related to the strength 
of the material, while on the other hand toughness (Kc) is a measure of how much a material can deform before 
fracture. These two competing properties pose a challenge to metallurgists, who have no option other than 
strike a compromise between them, depending on the requirement for a particular application. The ratio H/Kc 
was proposed by Lawn and Marshall in 1979 [2] as an index of brittleness. A high index favours high hardness 
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while compromising toughness and vice versa. The index of brittleness underscores the behaviour of materials 
where deformation occurs at low loads, materials deform leading to fracture at high loading events. The extent 
of deformation before fracture is dependent on the magnitude of the H/Kc ratio. However, this index would not 
be applied in some rare cases where hardness and toughness can be increased simultaneously, as is the 
case in the three materials under investigation in this paper.  

Attaining both high strength and toughness is crucial for most structural steels [3] but this is not possible in 
conventional ferrous materials. The quest to maximise both H and Kc is an ever compelling subject for research 
to find materials that will defeat the age long conflict between strength and toughness. 

2.2. Microstructural phases in ferrous materials 

The phases found in ferrous materials consist of soft phases and hard phases depending on the thermo-
mechanical treatment of the component. Table 1 shows relative hardness of common phases found in 
microstructures of ferrous alloys. 

Table 1 Typical hardness values of some phases found in ferrous alloys 

Phase Ferrite Austenite Pearlite Martensite Cementite 
(carbide) 

Description Soft Soft Hard Hard Hard 

Hardness 80B HN 
(37RB) 

110 BHN estimated 
(62 RB) 

400 BHN 
(41 RC) 

700 BHN 
(63 RC) 

>794 BHN 
(68 RC) 

BHN = Brinell Hardness Number R = Rockwell Hardness  

The hardness of the component depends on the proportion of the phases and constituents in the 
microstructure. The preponderance of ferrite or austenite has low hardness while the microstructure of 
cementite (carbides) and martensite is hard. In most cases ferrous microstructures consist of a combination of 
phases resulting in a compromise of hardness value depending on the proportion of hard and soft phases. 
Consequently it is ordinarily not possible to maximise two properties of strength and toughness [3]. 

2.3. Hadfield steel 

Hadfield steel was invented by Sir Robert Hadfield in 1882. The original chemical composition of Hadfield steel 
contained about 1.2% C and 12% Mn, but other formulations with essentially minor modifications have been 
developed. In some variants however, significant increases in carbon and manganese have been made up to 
1.4% and 20% respectively, in combination with chromium additions for purposes of achieving high initial 
hardness, maximum hardness after work hardening and wear resistance [4]. The manganese to carbon ratio 
should be greater than 10 in Hadfield steel grades [5]. However, if manganese content is too high the casting 
does not completely work-harden [6] leading to particularly low wear abrasion resistance. The chemistry of low 
manganese grades can be modified by addition of grain refining elements that form nitrides and carbides such 
as NbN and Nb2C [6].  

The fundamental significance of Hadfield steel is its work-hardening behaviour from an initial low hardness of 
240 BHN (23 Rc) in the austenitic phase to high hardness well in excess of 500 BHN (51 Rc) in martensite [7]. 
Thus Hadfield steel is a hard wearing steel widely used for rock crushing in mining and stone quarrying e.g. 
crushers and hammers, dredge buckets, power shovel buckets and teeth [8] and military applications such as 
tank track pads [9] as well as diggers and railroads [4]. However, where service applications devoid of severe 
impact such as in the attrition of friable ores and in secondary crushing of particulate ore; transformation of 
austenite to martensite is limited resulting in lower-than-expected wear resistance.  Hadfield steel used for this 
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purpose lacks the necessary wear resistance and need be strengthened by precipitation hardening of 
vanadium and chromium carbides [10]. 

2.4. High chromium white cast iron 

The family of high chrome white cast iron can be classified in four groups of chromium content namely; 11% 
to 14% Cr, 14% to 18% Cr, 18% to 23% Cr and 23% to 28% Cr with carbon content ranging between 1.6% 
and 3.4% [11]. However, there are some though commonly used grades with Cr content up to 34%. For the 
hypoeutectic composition of high chromium cast iron, solidification proceeds by a eutectic process where the 
austenitic phase precipitates from the liquid phase until the composition reaches eutectic, then the eutectic 
reaction occurs forming austenite and faceted crystals of (Cr,Fe)7C3 type carbide [11]. The microstructure of 
the as-cast condition depicts primary dendrites of austenite in a matrix of eutectic. The large volume fraction 
eutectic carbides in the matrix is responsible for the high hardness necessary for crushing and grinding 
applications. The microstructure can be adjusted by alloying and heat treatment to strike a balance between 
abrasion resistance and the toughness required to withstand repeated impact loading. Class III irons containing 
23 to 28% Cr are austenitised at temperatures ranging between 1010 to 1090°C and cooled in a fan-generated 
draught in order to by-pass the TTT curve knee at 550 and 600°C Subsequent slow cooling from 600°C to 
room temperature either in still-air or even in a furnace is highly recommended to reduce stresses that are 
caused by the volumetric expansion occurring when austenite transforms to martensite. Stress relieving at 
suitable temperature is often necessary. Too high temperatures in excess of 540°C will severely compromise 
abrasion resistance, and tempering between 200°C and 230°C substantially improves fracture toughness by 
up to 20% [12].  

2.5. Austempered ductile iron 

ADI is a versatile material with a combination of high strength (as high as 1300 MPa and 1800 MPa yield and 
UTS respectively) and high ductility (elongation can be up to 18%) [13]. The strength-to-weight ratio of ADI is 
superior to that of aluminium. This unique combination of strength and ductility is attributed to a dual 
microstructure of stabilised austenite and ferrite, both of which are ductile phases. The high strength is due to 
martensite formed on the surface as a result of strain hardening of meta-stable austenite. ADI is used in wear-
dominant applications such as farm machinery and construction equipment e.g. plough points, bucket and 
digger teeth and in automotive parts e.g. CV joints, control arms, wheel hubs, sprockets, shift forks and gears 
[14]. General Motors in 1978 installed differential gear sets made of ADI to light-weight truck-trailer wheel hubs 
as well as high performance automobile [15]. 

3. EXPERIMENTAL WORK 

The materials under investigation were obtained from three different foundries in Johannesburg, South Africa. 
Hadfield steel and high chromium cast iron were procured from foundries that produce hammers and crushers 
mainly used in the mining industry. Ductile iron was obtained from a foundry specialising in automotive parts.  

3.1. Chemical analysis 

The chemical analysis on the three materials was conducted at the foundries of origin in conformity to 
respective chemical specifications namely grade ASTM128 Grade B2 for Hadfield steel [16], BS4844: 1986 
Grade 3D for high chromium white cast iron [17] and ASTM536 for ductile iron to produce ADI conforming to 
ASTM A897 [18]. The samples were delivered to the physical metallurgy laboratory at the Department of 
Metallurgy, University of Johannesburg for metallographic investigation and mechanical testing. 
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3.2. Heat treatment 

The bulk of the microstructure of Hadfield steel consists of austenite stabilised to room temperature by a 
combination the high carbon and high manganese contents. In as cast condition Hadfield steel contains gross 
carbide networks tend to line up along the austenite grain boundaries resulting in reduced toughness. Thus, 
necessitating heat treatment to dissolve carbides followed by rapid cooling to room temperature. The heat 
treatment involved soaking at 1050oC to dissolve grain boundary carbides and was subsequently quenched in 
agitated water to obtain an entirely austenitic microstructure. High chromium white cast iron was investigated 
in as-cast condition. Ductile iron was austenitised at 900°C for 2 hours and austempered in a salt bath at 290°C 
for 2½ hours then air cooled to room temperature. 

3.3. Hardness Testing 

For high chromium white cast iron, the typical hardness for in as-cast and annealed condition is 400 HB with 
a mandatory minimum of 600 HB after heat treatment according to the British Cast Iron Research Association 
(BCIRA). However, this paper discusses the behaviour of as-cast high chromium white cast iron often used in 
the ragged impact crushing conditions is compared with that of Hadfield steel and ADI, which have 
comparatively similar mechanical characteristics. 

4. RESULTS AND DISCUSSION 

The three materials exhibiting similar microstructural transformation during service are compared in terms of 
chemistry, microstructure, hardness, and mechanism of transformation austenite to martensite.  

4.1. Chemical composition differences 

Table 2 shows the different chemistries of the three materials. Different alloying elements are employed mainly 
to stabilise austenite at room temperature. In Hadfield steel the austenite stabilisers are carbon (1% min) and 
manganese (11% min), while in high chromium cast iron the austenite stabilising alloying elements are carbon 
(2% min) and chromium (22% min). In ADI a minimum of 3.5% carbon and 2.25% silicon are responsible for 
retaining austenite at room temperature. ADI is different from the two other alloys in that the austenite gets 
enriched in carbon during the austempering process. Since formation of carbides is inhibited by high silicon, 
the carbon is rejected from the ferrite that is formed to enrich the surrounding austenite, thus stabilizing it. 
Martensite will not be formed even at low temperatures, unless the material is subjected to stress and/or strain. 

Table 2 Chemical specifications of Hadfield steel [16], high chromium white cast iron [17] and ADI [18] 

Material C% Cr% Mn% Mo% Si% Ni% Cu% S% P% 

Hadfield steel 1.05-1.25 0.5* 11-14 - 0.6-1.0 - - 0.06* 0.07* 

HCWCI 2.0-2.8 22-28 0.5-1.5 1.5* 1.0* 2* 2* 0.1* 0.1* 

ADI  3.5-3.9 - 0.15-0.35 - 2.25-2.75 - - 0.01-0.025 0.05* 

*Maximum content of element in alloy 

4.2. Microstructural similarities 

Figure 1 shows heat treated Hadfield steel consisting predominantly of austenite in the microstructure. Some 
residual carbides indicate that soaking at 1050oC could not fully dissolve the carbides forms during 
solidification. Either the soaking time was insufficient or the carbides were too coarse to dissolve completely. 
Such gross carbides are typical in large castings where solidification is prolonged resulting in nucleation and 
growth of carbides type (Fe,Mn)3C. The undissolved carbides line up at grain boundary of stabilised austenite 
resulting in reduced impact strength since brittle cracking starts at these carbides [19].  
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(a)        (b) 

Figure 1 Microstructure of Hadfield steel (a) Optical (b) SEM 

Figure 2 shows the microstructure of as-cast of high chromium white cast iron showing the primary dendrites 
(light) of austenite and the matrix of eutectic of austenite and carbide (dark). The eutectic carbides of type 
(Cr,Fe)7C3 are the most preferable because they are typically fine, discrete and do not compromise on 
toughness. Type (Cr,Fe)7C3 carbides tend to predominate in the matrix when the Cr to C ratio is maintained 
below 10. Undesirable gross carbides such as Cr3C and Cr23C7 start to emerge at higher Cr to C ratio of 11:1 
and above. Thus a practical maximum limit for ensuring (Cr,Fe)7C3 is set at Cr to C ratio of approximately 
10.5:1. 

(a)                                                 (b) 

Figure 2 Microstructure of as-cast high Cr cast iron (a) Optical (b) SEM 

Figure 3 shows the microstructure of austempered ductile iron with graphite modules sporadically distributed 
in an intricate mixture of austenite and ferrite commonly referred to as “ausferrite”. The composition of 
ausferrite matrix shows considerably larger volume fraction of austenite than ferrite. The relative proportions 
of austenite and ferrite in the final matrix is determined by the temperature and time of both austenitising and 
austempering processes. The higher the austenitising temperature and the longer the exposure, the more the 
carbon dissolves in austenite, thus effecting austenite stabilisation. Similarly, the lower the austempering 
temperature, the lower will be the austenite volume fraction in ausferrite. The resultant properties of ADI are 
also dependent on the proportion of austenite, which in turn is governed by the temperature and time of 
austenitising and austempering. High volume fraction of austenite resulting from high isothermal 
transformation temperature leads to high ductility, while low austempering temperatures are more favourable 
for high strength and low ductility. 
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 100휇m 

Figure 3 Optical micrograph of ADI etched in 2% Nital 

The microstructure of Hadfield steel consists of 100 percent austenite stabilised by carbon and manganese. 
In high chromium white cast iron the microstructure is made up of primary austenite and eutectic of carbides 
and secondary austenite. In ADI sporadic graphite are widely distributed in a matrix of the dual phase 
ausferrite. The common feature in all three materials; heat treated Hadfield steel, as cast high chromium cast 
iron and austempered ductile iron is austenite in the microstructure. This is responsible for the closely similar 
properties of hardness and toughness exhibited by the materials. 

4.3. Microstructural transformation and evolution of mechanical properties 

The incidence of high strength and ductility that is uncharacteristic of ferrous materials is attributed to work 
hardening behaviour attributed to dynamic strain aging of austenite grains. The transformation of austenite to 
martensite is subject to both tensile and shear effects on austenite grains. The dominant factor, whether tensile 
or shear; stress or strain will determine the transformation mode. Austenite has to be subjected to either 
abrasion or heavy impact loads, and stressed or strained sufficiently for martensitic transformation to occur. It 
should be noted that the transformation mode is due to the dominance of either stress or strain. In Hadfield 
steel and high chromium white cast iron transform is induced by heavy impact loads that are typical in hard 
rock crushing, thus strain initiates transformation. In austempered ductile iron on the other hand, austenite-
martensite transformation is induced by abrasion, which is a predominant mechanism in earth engaging and 
working friable ores, thus the micro stresses are responsible for transformation. Stresses and strains induced 
in austenite at the worked surface cause microstructural transformation of austenite to martensite while the 
rest of the component remains tough.  

According to Chih-Kuang and Yi-Lin [20] the strain-induced transformation of austenite to martensite takes 
place particularly in the sliding planes and the intersection points of twinning sites by two mechanisms of sliding 
and twinning that tend to lower the potential energy held in the area. Sliding planes and intersection of twinning 
sites in the parent austenite grains act as active sites for martensite. Micro-defects such as dislocations and 
shear bands introduced in the austenite as a result of applied stress are also idea nucleation sites for 
martensite. By this mechanism the worked surface presents a hard surface for the required wear resistance, 
while the bulk of the component remains tough as a result of untransformed retained austenite (and ferrite in 
the case of ADI) making the composite part less prone brittle failure. 
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4.4. Merits and demerits of materials in production and cost 

Hadfield steel has the advantages of comparatively short heat treatment cycle to achieve an austenitic 
microstructure; however the down side of the material is high cost of manganese and poor machinability in as-
cast condition. High chromium white cast iron is superior to Hadfield steel where heavy crushing of hard rock 
is involved. However the high cost of chromium and poor machinability in as cast condition makes it more 
expensive to procure that Hadfield steel. Austempered ductile iron has a number of comparative advantage 
that include: lower production costs due to lower raw-material, lower energy demand and good castability and 
machinability; higher noise damping properties makes it silent work during service and comparably attractive 
mechanical properties.  

The demerits of ADI arise from limitation in size of casting that is determined by the capacity of austempering 
bath. The ruling section for full austempering of samples at the University of Johannesburg is 25mm, which 
means that specimens thicker than 25mm cannot be fully austempered. The microstructure at the core would 
be pearlite and not ausferrite. Therefore large cross-section gauges can hardly be made of ADI, unless 
hardenability is improved by alloying, preferably using copper (up to 1 %) or nickel (up to 3%), thus there size 
limit can be increased. However, for large sections such as jaw crushers, it may be even to an advantage if a 
core of a component remains pearlitic, similar to steel components where through-hardening is not always 
necessary.  

The machinability is of practical importance in practice. In contrast to Hadfield and high-chrome steels, ADI 
components can be shaped before heat treatment, when the material is very easily machined. Chromium and 
more so, manganese are very undesirable in ADI, since apart from increasing cost, they cause segregation, 
leading to delay transformation zones (DTZ) and other problems.  

4.5. Appropriate selection of the materials for application 

The different modes of martensitic transformation dictate the application of the materials. For instance  Hadfield 
steel and high chromium white cast iron where austenite-martensite transformation is induced by heavy impact 
loads, the materials do well in high impact application such as primary rock crushing in mining and quarrying 
and perform poorly in low impact with loose friable ores and secondary crushing. ADI is more amenable to 
transformation by surface abrasive wear, which is more predominant in friable ores and secondary crushing.  

Factors such as hardness of rock ore, porosity and crack formation in ore have a bearing on the selection of 
materials to be used in rock crashing. The criteria to be considered for in material selection may include: 

 Hardness and toughness of rock or ore 
 Porosity, crack formation and friability of rock 
 Rock type, whether igneous, metamorphic or sedimentary 
 Size and texture of ore, whether run-of-mine or primary crushed 
 Rugged percussive impact or static wear action 

Some rocks were classified by Attewell and Farmer in 1976 [21] as weak with unconfined compressive strength 
(UCS) less than 40 MPa comprising uncompacted sedimentary rock. Some are of medium strength with UCS 
ranging between 40 and 80 MPa where compacted sedimentary rock and coarse-grained igneous belong. The 
strong to very strong rocks consisting of compacted fine grained metamorphic and igneous rock have an UCS 
of 80 to 320 MPa. The hardness and toughness of rock are also properties determining material selection. 
Haematite ore with Mohs hardness 5.5 to 6.5 is a tough ore that would require heavier impact crushing loads 
than gypsum that has a Mohs of 2 and has a low toughness. The choice of crushing is not arbitrary but very 
much dependent on these considerations. 

Thus Hadfield steel and high chrome cast iron can be best applied in heavy crushing of hard and tough rock 
of dense, fine grained igneous rock such as the hard chromite and platinum ores of the Great Dyke of 
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Zimbabwe and may not be as good for the friable chromitite ores of the Merensky Bushveld Complex of South 
Africa. In the case of friable and secondary crushing, Hadfield steel and high chromium white cast iron the 
chemistries will have to be modified by addition of alloys such as titanium, vanadium and other elements and 
appropriately heat treated to precipitate carbides for improved wear resistance to the abrasive action of fine 
ore since there is no sufficient impact loading for strain induced transformation. Modifying the alloys with 
carbide forming elements also enhances abrasion resistance in percussive hard rock crushing. 

ADI on the other hand is more suitable where wear action rather than heavy impact loading is prevalent. In 
application such as military tank track pads for instance, there is predominance of wear action rather than 
impact, hence ADI would be a more suitable material of choice than Hadfield steel. Earth-engaging applications 
such as diggers, excavators and agricultural implements, saw mill cutter blades, where the predominant 
mechanism is abrasion and wear rather than impact, ADI tends to outperform Hadfield steel and high chromium 
white cast iron.  

5. CONCLUSION 
The different chemistries were employed in the three alloys under investigation to bring about similar 
microstructures with stabilised austenite as the dominant phase. The transformation of austenite to martensite 
occurs in all the three alloys as the result of stresses and strains subjected to the working face of the 
component. While the mechanism of austenite to martensite transformation is the same, the mode in which 
the stresses and strains are induced is somewhat different. In Hadfield steel and high chromium white cast 
iron transformation is induced by impact strains while in austempered ductile iron transformation is by stresses 
caused by abrasive action on the working surface. The selection of material for rock crushing is thus 
determined by the type of forces that are at play on the surface of a component. Further investigation is 
required to evaluate the performance of ADI for application as hammers for crushing coal, which cleaves easily 
between layers but is an extremely abrasive material. 
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Abstract 

The most important physicochemical parameters of several selected carbons from Polish coal beds in the 
context of using them as a material in ferrosilicon smelting process were analysed in this paper. Among coals 
presented in the paper, coal from Wujek Coal Mine has been used as a main reducer in the Polish ferroalloy 
industry until recently, but its resources have run out. Currently, coals from Staszic Coal Mine and Wieczorek 
Coal Mine are used as the main reducers for ferrosilicon smelting process. Coals from Bogdanka, Piast and 
Ziemowit Coal Mines are indicated to be potential substitutes of reducers for the ferrosilicon smelting process. 
Basic parameters of carbon, obtained using technical and elementary analysis, the chemical composition of 
ash as well as results of research on vitrinite reflectance and reactivity towards SiO and CO2, have been 
compared in this paper. 

Keywords: Reducer, ferrosilicon, coal, physicochemical parameters 

1. INTRODUCTION 
Appropriate quality of reducers is necessary in order to gain an alloy which fulfils specific qualitative 
requirements. Appropriate quality also influences the effectiveness of the electro thermal ferrosilicon smelting 
process which takes place in submerged arc furnaces [1-5]. Due to the exhaustion of coal resources from 
Wujek Coal Mine, the main supplier of this material for ferroalloy industry in Poland until recently, new 
resources are being searched for. In spite of large coal beds in Poland it is not easy to find new sources of this 
material [6, 7]. The carbon reducer for the ferrosilicon process should be characterised by appropriate 
granulometric composition, chemical composition and, in particular, low content of ash and undesirable 
pollutants such as Al, Ti, P, S. Reactivity towards SiO as well as invariability of parameters in time are also of 
great significance. Carbon reducers in the electro-thermal silica’s reduction by coal process, have two main 
functions: they are a source of carbon Cfix,, which is essential for silica’s reduction and also act as a SiO(g) 
gaseous filter, which is one of the intermediate products in the reduction process and condenses in the upper 
zones of the resistance-arc furnace, as a result of reaction with coal [1 - 4]: 

푆푖푂(푔) + 2퐶 = 푆푖퐶 + 퐶푂(푔) (1) 

Reactivity of carbon reducers plays a significant role in the SiO(g) condensing process and influences the yield 
of the main element Si in the process of electro-thermal silica’s reduction. Fundamental analysis describing 
the quality of carbon is technical analysis [7], which defines weight % in operating state: moisture content (Wtr), 
ash content (Ar), and volatiles content (Vr). Carbon content Cfix in the reducer has essential meaning and is 
described on the basis of technical analysis in the following way: 

퐶 = 100 − 푊 − 퐴 − 푉  (2) 

2. REACTIVITY OF CARBON REDUCERS 

Research on coal reactivity towards SiO are conducted under laboratory conditions using the SINTEF method 
[4], where equilibrium gas (13.5 % SiO, 4.5 % CO, Ar- rest) is generated isothermally at T = 1650 °C. Gas then 
reacts in the reaction chamber, passing through the tested reducer`s layer. The total volume of this oxide 
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resulting from the reaction’s stoichiometry (1), recorded at a time when the decreasing share of CO in the gas 
leaving the condensing chamber is in the range of 10 - 18 % vol., is being used as a measure of the reactivity 
of the reducer towards SiO. Due to high temperature, studying reactivity using the SINTEF method is complex 
and costly. Therefore tests on the reactivity towards oxidizing gases (O2, CO2, H2O) performed at a lower 
temperature of 800 - 900 °C, which to some extent coincide with the results of reactivity towards SiO tests [3, 
4, 8, 9], are worth mentioning. Unlike the SINTEF method, the most commonly used reactivity measure is [6, 
8, 9]:  

 Value of reaction rate constant with oxidizing gas in the temperature range of 800 - 1000 °C,  
 Time 휏 ,  after which 50 % carbonate will gasify (coal after degassing of volatiles), 
 Determination of the reactivity by comparing the course of the dependence curve of the degree of 

conversion on time.  

It has been established [3, 4] that great reactivity towards SiO as well as towards gases (O2, CO2, H2O) 
characterizes sorts of coal with high content of volatiles Vdaf . This is due to the kinetic conditions of the reaction 
in solid-gas system. The high content of volatiles, which releases at elevated temperatures, affects the porosity 
of the coal and increases the surface of the reaction. This also applies to hygroscopic moisture. Unlike oxidizing 
gases, the conditions for gas transport of SiO oxide to the reaction zone are important only at the initial stage 
of the process. As the reaction progresses, the pores are sealed with SiC carbide, whereas in reactions with 
oxidizing gases they enlarge. However, in the initial stage of the reaction, the porosity of the carbon reducers 
has a decisive influence on the reactivity towards SiO and also on the reactivity towards the oxidizing gases. 
Reducers with highly developed surface, which are hardly graphitized have great ability of reaction. 

The highest reactivity towards SiO is achieved by the reducers with highest content of volatile components 
such as lignite (Vdaf≈ 54 %), and wood chips (Vdaf≈ 77 ÷ 80 %). Wood chips are used by almost all ferrosilicon 
manufacturers [1, 2], although they only bring a small amount of carbon as a reducer in the silica reduction 
process. The addition of wood chips facilitates the discharge of gases from the reaction zones and reduces 
the formation of exhaust. Porosity of the charge in the entire volume of the furnace, even and slow gas flow 
across the whole surface of the furnace create better conditions for the condensation of the gaseous SiO oxide 
as an effect of reaction (1). Moreover, the addition of wood chips increases the electrical resistance of the 
furnace charge, and also has a positive impact on the temperature conditions of the process. 

The experiments carried out by Raames and Gray [4] indicate that also the reflectivity index R0, which is the 
basis for industrial and commercial classification of coals, may be useful in evaluating the reactivity of 
bituminous coal towards SiO [4, 7]. Index R0  is, shown in percentage, ratio of intensity of light of a specified 
wavelength reflected from the polished surface of the section to the intensity of light falling perpendicularly on 
this surface. Results of laboratory research [4] show that coals with lower refractive index exhibit higher 
reactivity towards SiO. These are coals with lower carbonization and higher content of volatiles. Alike reactivity, 
the granulometric composition of carbon reducers has also a significant impact on the kinetics of chemical 
reactions in the solid-gas system. In the Polish ferroalloy industry, mainly pea coal (Gk) with a grain size of 8 
- 31.5 mm is used as a reducer. It is required that the number of subgrain does not exceed 10 % and the 
number of supergrain (max. 35 mm) is less than 5 %. Subgrain (<5 mm) hinders the flow of gases from the 
reaction zones, and is the reason of strong gas emissions from the ferrosilicon furnace. 

This has a negative effect on the SiO condensation process, and the raw material loss associated with blasting 
and entrainment by the furnace exhaust gases. Also supergrain has very disadvantageous influence on the 
technological process. This is due to the lower electrical resistance of the charge. This results in a shallower 
placement of the electrodes in the charge, and adversely affects the distribution of heat generated by the 
electricity flow in the furnace's working area. Some mines offer coal assortment with granulation of 6 - 25 mm 
(GkI - "Eco pea"), and granulation of 5 - 15 mm can be obtained by special order. A smaller particle size 
reducer affects positively the technological process. The problem is a small supply of coal with restricted 
granulometric composition, so these granulations have not been used as a raw material for the ferrosilicon 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

128 

smelting process in Poland until now. Simultaneous fulfillment of all quality requirements for the reducers for 
the ferrosilicon smelting process by one bituminous coal is difficult to achieve. Therefore, in industrial practice, 
a mixture of two carbon reducers of varying properties is most commonly used in the charge stage. This 
concerns the content of carbon Cfix and the reactivity towards SiO [2]. When choosing bituminous coal, the 
highest attention is paid to its basic technical parameters, in particular: content of ash Ar and its chemical 
composition. Until recently, the primary reducer was coal from the KWK "Wujek" mine, which had a low ash 
content (Ar < 5 %) and a high carbon content Cfix = 60 ÷ 62 %. In recent years, attention has been paid to the 
reactivity of reducers. For this reason, a mixture of two coals of varying characteristics is currently used the 
most often. Approximately 70 % of the carbon weight required for the silica reduction process is introduced in 
the form of highly carbonized coal ( Cfix > 60 % weigh), with low ash content (Ar < 5 %). The remaining carbon 
weight required for the silica reduction process is provided in the form of high-reactivity coal ( Vdaf ≈ 38%, Cfix 
= 52 - 53 %). 

3. SMELTIG BITUMINOUS COAL FOR THE FERROSILICON PROCESS  

Despite the large beds of bituminous coal in Poland, it is not easy to find a carbon reducer that meets the 
requirements of electrothermal ferrosilicon smelting process. Apart from the chemical composition, local 
suppliers encounter difficulties to meet granulometric requirements and to ensure a stable supply of raw 
materials, taking quality and quantity requirements into consideration [10-13]. In the Polish ferroalloy industry 
pea coal with a grain size of 8 - 31.5 mm is the most widely used as a reducer. Tables 1 and 2 show the basic 
properties of bituminous coals, that are currently available in the form of pea (Gk 8 - 31.5 mm, GkI 6 - 25 mm). 

The data shown in the Tables 1, 2 contain coals, that are currently used as raw material in the ferrosilicon 
smelting process ("Staszic", "Wieczorek", "Chwalowice") and coal used in the past ("Wujek"). In addition, 
Tables 1 and 2 indicate carbon parameters that have not previously been applied as reducers for ferrosilicon 
melting process ("Bogdanka", "Ziemowit") or have been used only to a limited extent ("Piast"). Data from 
Tables 1, 2 show that the major cause of disqualification of these carbons as a raw material for the ferrosilicon 
smelting process is the increased content of harmful dopants (Al2O3, TiO2, S). 

The coals presented in Tables 1, 2 are ranged according to the increasing reactivity towards SiO, basing on 
the results of laboratory tests [3, 4, 6, 8, 9]. It has been considered that the reactivity of the reducer is the 
higher, the greater the content of volatiles and also the reflexivity, while the content of Cfix decreases. The 
arrangement prepared according to this principle, is presented graphically in Figure1.  

Currently, the basic mass of carbon in the bearing charge for ferrosilicon smelting process (~ 65 % weigh) is 
supplied by "Wieczorek" or "Staszic" coal which are substitutes of the relatively recently used (until 2015) 
"Wujek" coal. The remaining Cfix mass required in the electro-thermal silica reduction process is supplied in 
the form of "Chwalowice" pea coal, characterized by increased reactivity, and wood chips. The typical 
composition of the bearing charge for the FeSi75 ferrosilicon smelter is as follows: kg: quartzite 500, carbon 
("Wieczorek") - 200 ÷ 220, coal ("Chwalowice") - 100, wood chips - 120, mill scale - 74. For such proportions 
of coals in the mixture of carbon reducers, the lower Cfix content in "Chwalowice" coal does not effect in 
increase of carbon consumption in the process of ferrosilicon smelting. Higher reactivity of "Chwalowice" coal 
has a positive impact on the effectivity of technological process, especially on the process of condensation of 
SiO oxide, and improvement of Si yield.  

Data presented in Figures 1 and 2 indicates that the carbon-reducing system current in the Polish industry is 
optimal. The dependency shown in Figure 1 shows that the reactivity of coal from Bogdanka, Piast and 
Ziemowit mines is higher than "Chwalowice” coal. These coals may to a limited extent be substitutes for 
"Chwalowice” coal. To reduce the amount of harmful pollutants (Al2O3, TiO2, S) entering the process, the 
fraction of this should not exceed 25% in the process of the silica reduction. 
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Table 1 Comparison of the basic properties of several selected coals 

Parameter Mine 

Name Symbol Unit 
Wujek 

[12] 

Wieczorek 

[13] 

Staszic 

[2] 

Chwalowice 

[3] 

Bogdanka 

[6] 

Piast 

[6] 

Ziemowit 

[6] 

Humidity Wtr % wt. 3.92 7.50 4.50 7.09 7.80 10.30 11.40 

Ash Ar % wt. 3.36 2.73 3.89 5.94 5.30 5.60 7.00 

Volatiles Vr % wt. 30.78 30.00 30.65 33.48 33.44 33.55 32.64 

Volatiles Vdaf % wt. 33.20 33.42 33.46 38.49 38.48 39.89 40.00 

Fixed 
carbon Cfix % wt. 61.94 59.77 60.96 53.49 53.46 50.55 48.96 

Coal Ca % wt. 79.03 78.13 78.33 78.90 75.1 73.10 68.60 

Hydrogen Ha % wt. 4.07 4.36 4.45 - 4.79 4.67 4.30 

Oxygen Oa % wt. 9.90 10.40 8.75 - 7.24 11.38 11.51 

Nitrogen Na % wt. 1.18 1.21 1.14 - 1.44 1.12 1.05 

Sulphur Str % wt. 0.47 0.40 0.42 0.64 1.10 0.81 0.88 

Heating 
val. Qir MJ/kg 30.959 29.434 30.062 27.790 28.208 26.43

6 25.167 

Reflexivity R0 % 0.83 0.74 0.72 0.66 0.65 0.61 0.52 

 

 
Figure 1 The dependence of reflectivity as a function of Cfix  in hard coal 
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Table 2 Ash chemical composition of the selected coals 

Chemical composition  Mine 

Symbol Unit 
Wujek 

[13] 
Wieczorek 

[13] 
Staszic 

[2] 
Chwalowice 

[3] 
Bogdanka 

[2] 
Piast 

[2] 
Ziemowit 

[2] 

SiO2 % wt. 34.59 15.46 23.07 26.70 49.58 33.46 37.87 

Al2O3 % wt. 24.37 11.95 18.07 18.60 37.48 23.02 27.56 

Fe2O3 % wt. 15.24 17.09 13.11 16.40 4.69 10.07 8.25 

CaO % wt. 7.12 17.25 15.56 8.83 1.27 9.07 7.07 

MgO % wt. 4.77 9.55 8.97 4.25 0.39 3.87 3.56 

Na2O % wt. 1.97 2.93 2.39 1.95 0.64 5.62 5.88 

K2O % wt. 1.41 0.77 1.00 1.45 1.63 2.25 0.81 

SO3 % wt. 7.22 22.84 14.59 - 0.45 10.19 6.38 

TiO2 % wt. 1.26 0.42 0.67 0.80 1.32 1.25 1.41 

P2O5 % wt. 0.75 0.48 1.06 1.10 1.50 0.65 0.17 

BaO % wt. 0.38 0.31 0.37 - - - - 

Mn3O4 % wt. - 0.20 0.18 - 0.01 0.38 0.26 

SrO % wt. 0.24 0.19 0.24 - 0.18 0.10 0.06 

ZnO % wt. 0.14 0.23 0.23 - - - - 

4. GRANULOMETRIC COMPOSITION 

As already mentioned, the granulometric composition and reaction surface have a significant impact on the 
kinetics of chemical reactions in the solid-gas system. The surface of the reaction increases as the granulation 
of the reactants decreases. The reduction effect of the reducer’s granulation is similar to the use of a reducer 
with higher reactivity. Apart from that, the granulometric composition of the carbon reducers affects the 
electrical characteristics of the charge. The resistivity of the bulk carbon reducers is a resultant of two 
magnitudes: the actual resistivity of the carbon reducer (ρs) and the contact resistance between its grains [10]. 
With the increase in the diameter of the pieces and pressure the contact surface also increases. As a result, 
the contact resistance between the pieces decreases and therefore the resistivity of the layer in the bulk state 
decreases. Using the layer model as a system of parallel chains formed from contiguous pieces and partially 
adhering one to another, the publication [10] presents an empirical relationship to the resistivity of carbon 
reducers layer in the dry state in dependence with the diameter of the pieces d 

= 푀 + 푋 +
∙

∙
√

 (3) 

where: d - diameter of pieces, m; s - the actual resistivity of the reducer, mΩm; 's - resistivity of the reducer 
layer in the bulk state, mΩm; P - external pressure operating on the surface of the layer, kPa, M, X, Y, Z - 
empirical constants. For pea coke the dependence (3) is presented graphically in Figure 2. With less 
granulation, the electrical conductivity of the charge decreases. This results in deeper electrode placement, 
and improves the thermal and temperature conditions of the process. The dependence (3) indicates that the 
charge resistance depends not only on the granulometric composition of the reducers, but also mainly on the 
depth of the bed (P pressure). The heights of the bed and the greater pressure on the lower layers have a 
significant effect on the lower resistivity of the charge. So far in the Polish ferroalloy industry, mainly pea coal 
(Gk) with granulation of 8 - 31.5 mm is used. Few attempts to use reducers with lower granulation of 6 - 25 
mm (GkI - "ECO Peas") have not brought expected effects. The reason for the failures was the too short 
duration of the trials conducted in industrial conditions. In addition to the GkI granulation, some manufacturers 
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may provide coal granulation of 5 - 15 mm by special order. However, these are insufficient quantities to make 
reducers with such granulation possible to be used on a wider scale in the ferroalloy industry. This applies in 
particular to pea coal of GkI granulation ("Eco peas"), which is consumed in increasing quantities by individual 
recipients for heating purposes. This requires investments and organizational changes in the Polish coal 
industry so that high quality and quantity requirements can be met for coals with granulation of 6 - 25 mm, and 
5 - 15 mm for the ferroalloy industry in Poland. 

 

Figure 2 Impact of pressure on the resistivity of the coke layer for three different grain fractions, calculated 
on the basis of dependence (3), M = 33  8, X = 530  130, Y·107 = 1  0.3, Z = 1.2  0.4 [10] 

5. SUMMARY 

The depletion of coal beds used until recently as a primary reducer in the Polish ferroalloy industry has resulted 
in urgent need to find new sources of this raw material. The quality of carbon reducers has a significant 
influence on the efficiency of the electrothermal reduction of silica in resistive-arc furnaces and the content of 
impurities (Al, Ti) in the produced alloy. The choice of bituminous coals for the reducer for the ferrosilicon 
smelting process must be preceded by multiple studies of its properties. Apart from traditional technical 
analysis and studies on the chemical composition of ash, the reactivity towards SiO is of significant relevance. 
SINTEF reactivity tests are cumbersome and require sophisticated equipment. Given the kinetic conditions of 
the chemical reactions in the solid-gas system, the SiO reactivity tests to some extent coincide with the results 
of the reactivity tests towards oxidizing gases (CO2, H2O). These tests compared to the SINTEF method are 
simpler and conducted at lower temperatures. Also, the relationships between the carbon reactivity, the content 
of Vdaf volatiles and the reflectance R0 (Figure 1), are applicative. Considering the needs of the ferroalloy 
industry, it is advisable to expand the infrastructure in the Polish coal industry in order to meet the demand for 
pea coal. Aside from the granulation of 8 - 30.5 mm, usage of fine-grained pea coal fractures with granulation 
of 6 - 25 mm and 5 - 15 mm is recommended. 
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Abstract 

The blast furnace process can be negatively affected by a number of harmful elements. These may interfere 
with the course of the technological process, but can also increase production costs. Harmful elements are 
contained in the blast furnace's charge and they disrupt chemical, physical, and also the thermal processes in 
the production of iron. Changes in the above processes may produce a range of effects from changes in the 
flow of gases to problems with a decrease of the charge or excessive heating or cooling of the hearth. In the 
ideal process, we can remove harmful elements into the slag. But it remains crucial to monitor and reduce the 
contents of negative elements already in input raw materials. Thus, their continuous circulation in the blast 
furnace is limited. Alkali carbonates represent a large group of harmful substances. They can re-enter the 
process and negatively affect the technological as well as economic and operational indicators of the blast 
furnace process. Alkalis may enter the process, for example, in the form of silicates or carbonates. This article 
aims to analyse the content of Na2O compounds entering the blast furnace process and the possibility of 
reducing their negative consequences. The contents of the compounds and their effects were monitored for a 
long term scale in the context of the research.        

Keywords: Blast furnace, iron making process, production costs, alkali, input raw materials, harmful  
         substances 

1. INTRODUCTION 

The main components of the blast furnace charge are the metal-bearing component in the form of 
agglomerates, briquettes, pellets or lumps, fuel and bases [1]. Fuel is most often a blast furnace coke, made 
of hard coal, characterized by sufficient strength and porosity, with the lowest possible sulphur content and an 
appropriate size. Due to the acidity of the ores used in our country, most slag-forming additives are alkaline, 
most often calcium carbonate CaCO3. With the input materials, harmful substances, both for the environment 
and for the technology itself, enter the blast furnace process or they are produced during the process [2]. 

1.1. Harmful elements in the blast-furnace process 

Major harmful substances produced not only during the blast furnace process, but also while sintering ore, are, 
among others, mainly SO2 and NOx. The rate of their formation is affected, in addition to burning coke, mainly 
by the moisture content of the materials, limestone granulation, the MgO content and the return of fine particles 
[3]. Together with CO, CO2, volatile organic compound and particulate matter, they represent the group of the 
most significant harmful substances arising during the production of iron [2]. SO2 and NOx are the major factors 
in the formation of acid rain and respiratory diseases [4]. These harmful substances are addressed in a number 
of recent studies and several ways of reducing their emissions have been introduced. Methods of reducing 
SO2 and NOx emissions are based, for example, on the use of plasma, activated carbon, chemical absorption 
or selective catalyst reduction [5], [6]. There are also toxicity concerns with a number of metals (e.g. cadmium, 
lead, and mercury) and even metals that are biologically essential may also become toxic at high levels (e.g. 
zinc and copper), which is considered in more detail, for example, in Norgate et al. [6]. There has been also a 
significant effort made to deal with sulphur content in iron ore [8]. 
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Given the scale of the issue of harmful substances in blast furnace processes, this article is focused on alkaline 
substances, especially Na2O and its content in input materials and output products. Alkaline substances cause 
higher reactivity of coke, premature mellowing of metalliferous batch, and disintegration of sinter; they also 
take a share in the creation of deposits in fire resistant blast-furnace lining and they accelerate its wear. Heavy 
metals have similar effects. These problems lead to the higher consumption of coke and irregular blast-furnace 
runs [9]. Circulation and accumulation of dangerous elements, especially K, Na, Pb and Zn, is also discussed 
in Jiao's study [10], pointing out, in addition to increased coke consumption, also the reduction of gas utilization.  

Besides the negative effects of the mentioned substances, especially with regard to the Na2O and K2O content 
in the batch, it is discussed that their influence on studies indicate that the increased Na2O or K2O content in 
the batch reduces melting temperature and viscosity, enhancing the dephosphorization ability under the same 
temperature and main slag composition. The slag melts more quickly, which improves the dynamic conditions 
for dephosphorization [11]. 

Alkaline carbonates enter the blast furnace process mainly from agglomerates and pellets. This is mainly due 
to the use of cheap ores that contain a lot of harmful substances. Other sources of alkali can also be coarse 
ore or limestone and dolomite. The presence of alkali in the blast-furnace process is, among other things, 
referred to as one of the key causes of lining strength reduction, or even its cracking [12]. One of the major 
concerns of the blast furnace operators is alkali balancing, especially Na2O and K2O content, as accumulation 
of alkali in the blast furnaces leads to adverse conditions that affect production. During the process of iron 
making, they accumulate in the blast furnace in the form of carbonates, intercalation compounds of carbon 
and as complex silicates. These compounds decompose in the lower part of the blast furnace to give a metallic 
alkali, which consumes high heat and releases the same in colder areas during condensation. The overall 
effect is the cooling of the hearth and the heating of the top zone. Alkalis in the stack lead to the formation of 
accretions and descend intermittently, which can result in serious instability. 

When evaluating the amount of alkali in the blast-furnace process, the sum of Na2O + K2O compound contents 
is generally used. The allowable limit is always given by the specificity of each particular blast furnace. Basic 
reduction reactions of carbonates are carried out at temperatures above 1250 °C. The reaction can be written 
in the form of equations 1 and 2. 

K2CO3 + CO → 2K + 2CO2           (1) 

Na2CO3 + CO → 2Na + 2CO2           (2) 

The resulting potassium and sodium are then in the gaseous state. Since there is a strong flow of gases 
towards the higher blast furnace spaces, these elements are transported in this form to cooler parts. Here it is 
possible to re-create carbonates by reacting potassium (sodium) with carbon dioxide. Again, the original 
carbonates of K2CO3 and Na2CO3 are formed. These are concentrated in the cooler portions of the batch and 
gradually shifted to the lower parts of the blast furnace. In this way, the alkali is continuously circulated in the 
blast furnace. 

1.2. Problem formulation 

As mentioned above, in the case of harmful substances, apart from the environmental impact, these are also 
the technologies and managed processes which can be disturbed or damaged by their increased content, and 
their lifetime shortened. Since the blast furnace is a device that has been in continuous operation for many 
years, it is desirable that all of its components, including the lining, withstand the planned service life without 
damage and without having a negative effect on the quality of the output products, namely mainly pig iron. The 
issue of harmful substances in the blast-furnace process is topical for several reasons. The harmfulness of the 
present or emerging substances can be assessed, for example, by their influence on the environment and 
human health, on the technological processes, on the technologies and, last but not least, on the blast 
furnace's economy or on their influence on secondary metallurgy.  
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2. EXPERIMENTAL WORK 

The presented research was conducted in a selected metallurgical plant, where data for analysis was collected 
over a one year period. During the research, samples were taken from raw materials, as well as from output 
products. Samples were subjected to wet chemical laboratory analysis, resp. to spectral analysis for gases. In 
addition to the above, the chemical analysis of the blast furnace's lining was part of the research, but this is 
not discussed in the article. Due to the focus of the article, the results of the analyses focused on the Na2O 
content in the samples are presented below. The results and discussion chapter presents the measurement 
results and a comparison of individual input, resp. output raw materials in terms of Na2O content. 

3. RESULTS AND DISCUSSION 

As part of the research, the content of a number of heavy metals and harmful substances was monitored over 
a one year period. Close attention was paid to the Na2O content. Table 1 shows the measured values in all 
relevant input raw materials. The Na2O content is given in Table 1 as the specific concentration in each 
feedstock (%). At the same time, the quantity per kilogram of the raw material was enumerated. Based on this 
calculation, the total amount of compound was subsequently determined for each feedstock.     

Table 1 Measured amount of Na2O in feedstock 

 Weight Quantity Na2O 

  [t] [kg·kg-1] [%] [kg·kg-1] 

Sinter I.  (Russia) 952 000 0.782 0.08 6.26·10-4 

Sinter II. (Belarus) 368 450 0.303 0.07 2.11·10-4 

Sinter III. (Brazil) 103 741 0.086 0.06 5.11·10-5 

Coke 531 400 0.436 0.07 3.54·10-4 

Slag 47 987 0.039 0.09 3.06·10-5 

Over limit sinter 33 951 0.027 0.11 8.72·10-5 

Granules 176 968 0.141 0.06 3.48·10-4 

Lump ore I. (Russia) 84 741 0.071 0.05 4.23·10-5 

Lump ore II. (Belarus) 17 174 0.023 0.03 2.72·10-6 

Mn - Ca concentrate 8 690 0.008 0.38 3.15·10-5 

Limestone 29 147 0.023 0 0 

Cast iron shavings / scrap 71 357 0.058 0.01 5.86·10-5 

Magnesite break 99 137 0.081 0.20 1.62·10-5 

Dross oiled 81 200 0.066 0.05 2.72·10-5 

Coal (Czech Republic) 142 0.001 0.71 8.28·10-7 

Blast furnace dust 17 320 0.013 0.16 2.27·10-5 

The results are graphically depicted in Figure 1. The largest amount of Na2O enters the blast furnace process 
in the form of agglomerate made of ore coming from Russia (38.2 %). Another significant source of harmful 
substances is coke (18.6 %) and agglomerate made of Belarusian ore (12.6 %). Content in other feedstock 
may be considered less significant.   
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Figure 1 Relative share of Na2O sources by origin in feedstock 

Na2O concentration was also measured at the output side of the blast furnace process. Table 2 shows the 
measured values. The measured specific concentrations were again recalculated to the tonnage of the 
component. In the case of the output products of the blast furnace process, the largest amount is concentrated 
in the form of slag at 95.3 %. This can indicate an efficient course of iron production technology in the blast 
furnace. While respecting technological procedures, most harmful substances should be concentrated in the 
slag. A detailed view of the total amount of Na2O in the output products is shown in Figure 2. 

Table 2 Measured amount of Na2O in output products 

 Weight Quantity Na2O 

 [t] [kg·kg-1] [%] [kg·kg-1] 

Pig iron 1 216 674 1 0 0 
Slag 420 327 0.345 0.31 10.70·10-4 
BF sludge fine 12 003 0.009 0.12 1.18·10-5 
BF sludge rough 11 174 0.009 0.13 1.19·10-5 
Discharge / separate 9 920 0.008 0.15 1.22·10-5 
Discharge / other 17 197 0.014 0.12 1.69·10-5 

 
Figure 2 Share of individual products in the total amount of detected Na2O  
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4. CONCLUSIONS 

Minimizing the effects of harmful substances in the blast-furnace process can be accomplished by various 
procedures. In the case of heavy metals and alkaline carbonates, it is crucial to reduce the amount entering 
the blast furnace process. The research has shown that, at the input side of the process, the largest amount 
of harmful substances is allocated to cheap ore raw materials from which agglomerate is subsequently 
produced. Harmful substances that enter the blast-furnace process in this form are the most significant in terms 
of volume. Another source is blast furnace coke. In the case of ores, it is possible to reduce the proportion of 
harmful substances to some extent during the agglomeration process. This can be done with increased fuel. 
This procedure can reduce the amount of zinc and alkaline carbonates. At the same time, however, a more 
limited sulphur removal occurs. Alkaline carbonates may not adversely affect just the iron production 
technology itself. They may also influence the quality of blast furnace coke. Higher contents can reduce the 
strength of blast furnace coke, which influences the technological progress of the blast furnace process. A 
major problem for heavy metals and alkaline carbonates is their continuous cycle in the blast-furnace process. 
Harmful substances, which pass into the gaseous phase in the oxidation space, settle in the upper parts on 
cold batch pieces. Then, they re-enter the process. At the same time, they are concentrated in some parts of 
the blast furnace, mainly in the form of lining. Secondarily, this can also affect the cost of producing metal. The 
cost of iron production is also closely related to the problem of choosing adequate ores. High-quality raw 
materials with a low content of harmful substances are significantly more expensive, which may also be 
affected by the cost of transporting them from more remote locations. At the same time, however, these raw 
materials usually contain a larger amount of metal. Therefore, when choosing raw materials, it is necessary to 
take into account not only the technological but also the cost and logistical indicators. 
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Abstract 

This paper deals with the influence of the experimental conditions settings of the chosen DTA method on 
obtained data. The article is focused on the study of heating rate effect on shifting of liquidus temperature (TL) 
of Fe-C-Cr based systems (steels). Heating rate belongs to the frequently and easily changing parameter and 
its influence on the obtained data is substantial. DTA measurements were realised using the SETARAM Setsys 
18TM laboratory system. The samples (steels) were analysed at selected controlled heating rates (1, 2, 5, 10 
and 20 K / min). It has been found that the value of liquidus temperature shifted with the increasing heating 
rate towards to the higher values and this dependence was expressed. Application of obtained results can 
substantially contribute to minimising the influence of the used heating rate mode on the liquidus and enables 
an extrapolation to the so called "zero" heating rate. It is thus possible to obtain for the investigated systems 
the liquidus temperatures close to the equilibrium temperatures without necessity of making set of experimental 
measurements, which is highly time-consuming. 

Keywords: DTA, heating rate, liquidus temperature, steel 

1. INTRODUCTION 

Differential Thermal Analysis (DTA) is a method suitable for obtaining of thermo-physical data about metallic 
systems. This method makes it possible to obtain some thermo-dynamical and thermo-physical data, such as 
temperatures (e.g. liquidus and solidus temperature) and latent heats of phase transformations. Experimental 
conditions may have a substantial influence on thermo-dynamical and thermo-physical data obtained by this 
method. It is possible to include among experimental conditions for example temperature mode (heating / 
cooling), heating / cooling rate, mass of the analysed sample, type and purity of atmosphere surrounding the 
sample during analysis, reference sample, kind of crucible [1]. Heating rate is the most frequently changing 
experimental condition. The heating rate should be chosen with regard to the specific behaviour of the sample 
during the thermal analysis. It is necessary to take into account namely the possible change of the chemical 
composition during the analysis [2, 3] and the shape of the DTA curves (size and position of the peaks) [4, 5].  

Thermo-physical and thermo-dynamical properties of Fe-C based metallic systems (steels) are still a subject 
of extensive research [2]. In spite of that the number of experimental data about these systems is still 
insufficient. From the technological point of view, the most critical parameters are the solidus (TS) and liquidus 
(TL) temperatures. Precise knowledge of TL is particularly important with regard to the temperature setting of 
the steel overheating prior to casting. The TS is related in particular to the process of solidification, where there 
are segregation phenomena in the two-phase region between TL and TS. Although it is possible to find in 
available literature the values of some of the above physical quantities, there are quite differences in these 
data. These differences may be caused also instead of others, by use of different experimental conditions of 
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measurements at one method. The paper deals with possibilities of elimination of some influences at 
experiments [6, 7].  

The purpose of this investigation was the study of heating rate effect on shifting of liquidus temperature (TL) 
obtained by the DTA method for Fe-C-Cr based systems (steels). 

2. EXPERIMENT 

2.1. Differential thermal analysis (DTA) 

Method of Differential thermal analysis (DTA) [8] was used for the purposes of measurement of temperatures 
of liquidus temperatures (TL) of the Fe-C-Cr based systems (steels). Differential thermal analysis is a dynamic 
thermal analytic method used for investigation of temperature effects of an investigated sample connected 
with its physical, chemical or physical-chemical changes during its continuous linear heating or cooling.  

This method is used for measurement of temperature differences between investigated and reference 
samples. Temperature of the reference sample follows the selected temperature program, temperature of the 
investigated sample is subject to changes, which reflect physical and chemical transformations occurring in 
the sample. With use of this method it is possible to obtain temperatures and latent heats of phase 
transformations.  

2.2. Experimental conditions 

Three real grades of steels were taken from continuous cast billets (generally labelled steel A, B and C).For 
each steel a stick with diameter of approx. 3.5 mm was mechanically cut from the billet and cylinders with the 
height of approx. 3 mm were cut from it. The samples were then polished and cleaned by ultrasonic effect in 
acetone. The mass of the cylinders needed for DTA was approximately 190 mg. Chemical composition of 
analysed samples is given in Table 1.  

Method of differential thermal analysis (DTA) was used for the purposes of measurement of liquidus 
temperatures of steel samples. Data, i.e. temperatures of phase transformations were acquired with use of 
experimental laboratory equipment for thermal analysis Setsys 18TM (Figure 1a) made by SETARAM and 
measuring rod TG/DTA of the type „S“ (S - type rod Pt/PtRh 10%), which enable measurement within the 
temperature range from +20 °C up to +1600 °C [9].  

Steel samples were analysed in corundum (Al2O3) crucibles with volume of 100 µl, Figure 1b. An empty 
corundum crucible served as reference sample, Figure 1b - left crucible. During heating/cooling a permanent 
dynamic atmosphere was maintained - flow of Ar ( 99.9999 %) was 2 litres / hour. Steel samples were during 
experiment control heated at the rates of 1, 2, 5, 10 and 20 K / min within the temperature range from 
20 to 1600 °C.  

Table 1 Chemical composition of real steel grades (steels A, B and C) 

 

C Cr Mn Si P S Cu Ni Al Mo V Ti Sn

A 0.094 0.034 1.170 0.199 0.013 0.003 0.031 0.011 0.028 0.003 0.060 - 0.002
B 0.148 0.059 1.224 0.341 0.010 0.004 0.086 0.030 0.030 0.005 0.055 0.002 0.007
C 0.270 0.738 1.148 0.233 0.012 0.004 0.075 0.032 0.024 0.101 0.003 0.001 0.005

Steel
(wt. %)
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3. RESULTS AND DISSCUSION 

It is possible to obtain the investigated liquidus temperatures (TL) from the so called DTA-curves, which 
demonstrate heat phenomena during linear heating of samples. For clearness and for better assessment of 
the effect of varying heating rate on shifting of temperatures all the obtained DTA-curves of the steels A, B and 
C were brought into one common image (Figure 2 - steel A; Figure 3 - steel B and Figure 4 - steel C).  

The obtained values of liquidus temperatures of all three steels are given in the Table 2. This table also 
presents the statistical data (average, standard deviation  and variation coefficient V) obtained from the 
measured values [10]. 

          

 
 
 

 

Figure 1a SETARAM Setsys 18TM Figure 1b Measurement bar with corundum 
crucibles and sample of steel  

  

Figure 2 Evaluated DTA - curves of the steel A 
(heating rates 1, 2, 5, 10 and 20 °C / min) 

Figure 3 Evaluated DTA - curves of the steel B 
(heating rates 1, 2, 5, 10 and 20 °C / min) 
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From the Figures 2-4 and Table 2 can be seen the influence of heating rate on all liquidus temperatures 
measured by DTA. The temperatures are shifted with the increasing heating rate to the higher values. The 
greatest difference between the liquidus temperature obtained at 20 ° C / min and 1 ° C / min  
(Table 2, T(max-min)) is evident in the steel with the lowest carbon content (steel A, 10 °C). With the increasing 
carbon content (steel B and C), the difference decreases, the effect of the heating rate on the liquidus 
temperature is lower The shift of temperatures to higher values with the increasing rate can be explained in 
method DTA by dynamics of the process and by detection capabilities of instruments. Different heating rates 
can also have a significant effect on kinetics of phase transformations (transition mechanism). 

Based on DTA results, a regressional dependence of the heating rate influence on the liquidus temperature 
was developed for all steels (Figure 5). In the charts, the reliability value R2 is shown for completeness. The 
obtained values of TL of all investigated steels were extrapolated to the “zero” heating rate and these values 
are also given in Table 2. On the basis of the obtained dependences it is possible to correct the data (TL) 
obtained for other investigated Fe-based metallic systems, such as steels, to the "zero" heating rate. We can 
thus obtain for the investigated systems the temperatures close to equilibrium temperatures, without time-
consuming experimental measurements.  

 

Figure 4 Evaluated DTA - curves of the steel C (heating rates 1, 2, 5, 10 and 20 °C / min) 

Table 2 Liquidus temperatures of real steel grades (steels A, B and C) 

 

Heating rate TL Heating rate TL Heating rate TL

( °C / min) (°C) ( °C / min) (°C) ( °C / min) (°C)
20 1529 20 1524 20 1509
10 1525 10 1520 10 1506
5 1522 5 1517 5 1504
2 1520 2 1516 2 1503
1 1519 1 1516 1 1503
0 1519 0 1515 0 1503

average 1523 1519 1505

s 4 3 2
V (%) 0.24 0.20 0.15

DT (max-min) 10 8 6

Statistic

steel A (0.094 wt. % C) steel B (0.148 wt. % C) steel C (0.270 wt. % C)
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From the dependences of heating rate influence on the liquidus temperature for three real systems, it was 
shown that the effect of the heating rate is not the same for steel in general. Depending on the melting of the 
steel, it varies. For this reason, if we want to subsequently correct the liquidus temperature of the real steel 
grade, it is necessary to have corrections from the given steel melting area.  

For example, if we measure steel with a carbon content of 0.368 wt. % using the same experimental equipment 
Setsys 18TM and DTA method (heating rate 10 ° C / min), the correction should be made according to the steel 
C (Figure 5, regressional dependence). The measured liquidus temperature of the real steel grade would be 
corrected (decreased) by 3 ° C (rounded to integers). If we corrected according to the steel A, the correction 
for TL would be -5 ° C. According to the steel B, we would also have corrected (decreased) the measured TL 
by 5 ° C. In the same way, the influence of the heating rate on the "pure iron" melting temperature was studied 
in the work [2] (same device Setsys 18TM and the DTA method). It was found that the measured liquidus 
temperature of the real steel grade would be according to their correction reduced by 7 ° C. Based on the 
observed differences in corrections, it is necessary to carefully examine the influence of the experimental 
conditions on the studied liquidus temperatures. These temperatures must be as accurate as possible, 
because they are used in practice to set the temperature of overheating of the steel during real casting process. 

Before the actual measurement of real material (steel) should be performed the influence of experimental 
conditions (heating rate, mass sample) on the obtained data for each experimental device. Since it has been 
found that the weight of the analysed sample also has an influence on measured temperature [2], it would also 
be desirable to supplement the methodology with the influence of the sample mass on the liquidus temperature 
of the steel. Besides the influence of experimental conditions, calibration measurements must also be carried 
out for the experimental device. The liquidus temperature must also be corrected to the melting temperature 
of the pure metal (Ni or Pd).  

4. CONCLUSION 

In the presented work the influence of experimental conditions - the heating rate - on the liquidus temperature 
(TL) was investigated on the steel samples with use of the experimental equipment SETARAM Setsys 18TM 
and method DTA. 

On the basis of obtained dependences that express the influence of the heating rate on the shift of TL can be 
seen the influence of heating rate on all liquidus temperatures measured by DTA. The temperatures are shifted 

 

Figure 5 Regressional dependences of steel A, B and C 
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with the increasing heating rate to the higher values. The shift of temperatures to higher values with the 
increasing rate can be explained in method DTA by dynamics of the process and by detection capabilities of 
instruments. Different heating rates can also have a significant effect on kinetics of phase transformations 
(transition mechanism). 

It follows that the determination of the influence of experimental conditions on the obtained data should be 
performed on each experimental device before the actual measurement. This may thus help to set the optimum 
experimental conditions at measurement for obtaining the phase transformation temperatures with minimal 
influence of experimental conditions. 
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Abstract  

This article describes how to improve the tribological properties of cast iron by local strengthening by ceramic 
layer, directly in the casting process. The research comprised test molds with a ceramic (composite) layer. 
The ceramic preform (insert with Al2O3) was made basing on proprietary development of geometric 
assumptions. The tests included measurement of resistance to abrasive wear under ASTM G 65-00 standard 
and some quantitative measurements were also made. The basic advantages of combining ceramics and iron 
alloy include, without limitation: high hardness of the mold on the working surface and resistance to abrasive 
wear; increased resistance of the element to impacts compared to solid ceramic elements, extended lifetime 
of the molds, cost reduction of operation of machine elements made with the casting method, thanks to the 
increased lifetime and durability of the elements. 

Keywords: Casting, cast steel, alloy layer, ceramic 

1. INTRODUCTION  

The surface layers are made to obtain better properties, which cannot be assured by materials from one metal 
alloy. Most of the pressure comes from modern industry continuously breaking technological barriers and such 
extreme working conditions often cause premature wear of the machinery elements. The materials used must 
be characterized with growing resistance to abrasive wear in the surface layer of the mold, corrosion and high 
temperature of the working environment. An example could be a sliding bearing sleeve with high strength and 
sliding properties thanks to its low friction coefficient. The structural materials most frequently used in the 
machines are cast steel and cast iron. It would be impossible to reach abrasive resistance, hardness, tensile 
strength, impact strength and plasticity on such a high level with the use of cast iron or non-alloy casting steel 
only [1, 2].  

The layers can be created in numerous ways. The process can be done by, e.g. thermal spraying, PVD coating, 
detonation spray coating, plating or hard facing. An interesting and competitive method of element surface 
processing and improving its properties is the layer mold technology [3, 4]. This method deserves special 
attention, because it brings about numerous advantages of the technology and properties of the layers 
obtained. The molding technology (mold cavity preparatory procedures) is fairly easy, the use of any additional 
equipment is not necessary and it is economic, because it is performed within one process [5, 6, 7, 8]. The 
layers are made very fast, their thickness is adjustable and they and can be coated on any surface of the mold. 
Furthermore the crack occurrence in the thermal impact zone is eliminated [9].  

For the casting methods of producing alloy layers the mold surface must be appropriately prepared [10, 11]. 
Therefore, we can divide them into the following [12, 13, 14]: 

 layers produced as a result of casting mold inserts (including without limitation bimetals), 
 layers obtained by fusion of alloy components located on the mold surface by means of the cast metal 

heat, 
 granular layers produced by infiltration of liquid metal alloy down inside the layer prepared on the mold. 

Metals can be combined by diffusion or mechanically. In the case of mechanical combination of two materials 
we can already talk about a composite material. 
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A composite is a material produced from at least two components (phases) with various properties in such a 
way that it has better and/or new (additional) properties as compared to the components used separately or 
resulting from simple summarizing of such properties - a composite is an externally monolithic material, 
however with visible boundaries between its components [15]. 

Combining ceramics and iron alloys with casting method is a complex question resulting from more than double 
density difference between both materials.  

The methods of obtaining composites in casts enable designing casts reinforced on the surface in zones or 
throughout their entire volume. They allow for obtaining products combining the properties of a selected cast 
alloy with “phases” (Al2O3), highly resistant to abrasion ceramic. Thanks to such solution it is possible to design 
elements of machines and devices locally reinforced with a ceramic phase. Its advantage is the limitation of 
the production costs resulting from the application of several technologies and the cost of the material used. 
In as much the scientific works on the ceramics-aluminium composites are known, in so far there is no such 
information concerning the composites of iron alloy - ceramics composites. The issue of producing composites 
or ceramic materials and iron alloys, and thus, the difficulties with their even distribution in the volume of the 
molten metal and with high temperature of the iron alloys inducing disintegration of the ceramic preforms and 
uncontrolled layout of ceramic grains in the cast volume [1,3,5].  

The method of obtaining composite molds locally reinforced with hard ceramic particles will be presented in 
this paper.  

2. OWN RESEARCH 

The purpose of the research was the production of a ceramic insert to create a reinforced layer in a cast iron 
alloy. The research also included testing abrasive wear resistance and quantitative tests of the surface share 
(in the area tested) of ceramics in the part of the reinforced alloy.  

The electrocorundum ceramic grains (Al2O3) or electrocorundum and carborundum mixture (SiC) with the 
maximum 10 % share of the latter in the overall volume can be used in the production of the preform (insert). 
The dimensions of the ceramic grains may fit in the range from 1.4 to 2.8 mm, which corresponds to F8 to F14 
dimensions, according to FEPA standard. The ceramic grains in the preform can be joined with binding material 
based on water glass or synthetic resins used in molding compounds of the foundry sector. Such preform is 
fixed in the cavity of the mold (Figure 1) and gravitationally cast with liquid metal (cast iron or cast steel). 

 

Figure 1 Forming of surface composite layers - founding method; 1 - composite premould; 2 - liquid metal 

The preform’s structure is based on geometric dependencies [16]: 

 side length of elementary cell 푏 = 푑 + 표푑   mm, 
 preform length   퐿 = n b    mm, 
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 preform width   푆 = √ n b   mm, 

 openwork of the profile  퐴 =
   

  
 100  %, 

where: 
nL - number of openings on the preform’s length, 
d - opening’s diameter (max. 20 mm), mm 
od - space between openings (max. equal to preform’s thickness), mm 
nS - number of openings on the preform’s width, 
g- preform’s thickness, 
L- preform’s length, 
s- preform’s width. 

The ceramic preform for the production of a reinforced layer in the cast iron mold, made as a cuboid profile 
from granular ceramic material with openings of 5 % to 25 % voluminous share, whereby the distance between 
the openings does not exceed the maximum preform thickness of 25 mm, while the preform’s weight does not 
exceed 15 % of the weight of the mold‘s reinforced part.  

For the tests presented herein, noble electrocorundum (alundum) containing 99 % Al2O3 was used. The binding 
material to join the grains was produced basing on water glass. 

The structure of the ceramic preform used in the tests is as follows (Figure 2): 

 side length of elementary cell -  30 mm, 
 space between openings - 15 mm, 
 opening diameter - 15 mm, 
 preform’s length - 60 mm, 
 preform’s width - 26 mm, 
 insert’s thickness - 15 mm, 
 profile openwork A = 23 %. 

 

Figure 2 Ceramic insert to form the composite layer 

Upon short annealing in ca. 500oC the preform was placed in the appropriate part of the mold. Then the mold 
was cast with liquid perieutectic cast iron of ca. 1450oC temperature. As a result, a good infiltration of the liquid 
metal into the preform is obtained, creating a composite metal-ceramic layer in the mold, which is resistant to 
abrasion to the thickness up to 15 mm.  

In Figure 3 a sample cast locally reinforced with a composite ceramic layer has been presented.  
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Figure 3 Casting with locally reinforcement produced layer 

The research included quantitative measurement of the particle on the surface cross-section of the composite 
obtained, with the use of Nikon Nis-elements BR 3.10 program. In virtue of the tests carried out the highest 
percentage possible in relation to the surface to be reinforced could be determined. The results have been 
presented in Table 1. 

Table 1 Percentage of ceramic particles in relation to the load carrying part of the mold 

Sample Surface of the sample Surface of the particles Surface occupied by the 
particles 

Number of 
particles 

1 611.61 mm2 191.02 mm2 33.25 % 138 

2 536.08 mm2 183.01 mm2 31.10 % 130 

3 666.33 mm2 202.32 mm2 33.85 % 132 

4 432.09 mm2 148.36 mm2 33.19 % 99 

5 846.12 mm2 243.14 mm2 30.41 % 98 

6 552.86 mm2 173.52 mm2 29.16 % 111 

Based on the research it has been found that the best density of particles in the cast is ca. 30 % of the surface 
which has been reinforced with the particles.  

The research also included measurements of abrasion resistance with the use of device made under ASTM 
G 65-00 standard (Figure 4). Such device is intended to test the abrasion resistance of the metal-mineral type. 

The basic technical details of the device: 

 three-phase engine speed 600 rpm   10 rpm, 
 the functional wheel’s speed 200 rpm  10 rpm, 
 the functional wheel’s characteristic dimensions: diameter 230 mm, thickmess 25 mm, height of 

vulcanized rubber hoop 10 mm, 
 sample load 130 N, 
 abrasive material’s streamflow: 500 g / min (dry sand). 

The result of the trials carried out was the reduction of the samples’ mass measured with accuracy up to 
0.001 g. The test enabled determination of the mass reduction (m) for each of the surface composites 
obtained. The measuring results have been presented in Table 2. 
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Figure 4 Flowchart of the abrasion resistance measuring device 

Table 2 The results of abrasive resistance examination 

Material Average mass loss, g 

Composite No. 1 (insert - F12, the density of grain 30 %) 0.122 

Composite No. 2 (insert - F12, the density of grain 33 %) 0.117 

Composite No. 3 (insert - F10, the density of grain 25 %) 0.170 

Composite No. 1 (insert - F12, the density of grain 29 %) 0.149 

matrix composite (cast iron) 0.231 

Based on the observation of the composite produced, it has been noticed that the molten metal poured into 
the mould well penetrated between the insert particles, creating no local agglomerates and no discontinuation 
in the combination metal - Al2O3 particle have been noticed (good dampening - Figure 4). Based on the test 
of abrasive wear strength a significant increase of this property has been found, it has been noticed that during 
the tests the matrix (cast iron) was largely exposed to abrasion affecting the test result. More reliable 
measurements of abrasive wear strength should be carried out in conditions closer to real ones.  

3. CONCLUSIONS 

The method of producing ceramic inserts to create surface composite layer with Al2O3 enables to obtain a cast 
with locally increased abrasive wear strength. Maintaining some geometric assumptions assures the 
production of a composite in a desired point of the cast.  

To obtain penetration (infiltration) of liquid metal through the preform, the following conditions must be met: 

 the minimum openwork of the preform expressed by the percentage of openings in the volume of the 
ceramic preform is at least 5 %, preferably 15-25 %,  

 the preform’s weight should not exceed 10 % of the mold reinforced part’s weight, 
 single preform’s thickness up to 25 mm, while the maximum distance between the openings in the 

preform should not exceed its thickness, 
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 the layout of the openings in the preform forms an elementary cell being an equilateral triangle.  

The basic advantages of combining ceramics and iron alloy include, without limitation:  

 high hardness of the mold on the working surface and resistance to abrasive wear; 
 increased resistance of the element to impacts compared to solid ceramic elements, 
 extended lifetime of the molds,  
 cost reduction of operation of machine elements made with the casting method, thanks to the increased 

lifetime and durability of the elements. 
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Abstract 

The paper presents the influence of ceramic molds manufacturing parameters on the quality of small-scale 
castings produced by the lost wax method. Seven ceramic coatings were applied to the prepared model kits. 
Three kinds of binders (LUDOX aqueous, hydrolysed ethyl silicate, Remasol water binder) and two types of 
molding sands (quartz and molochite) were used as ceramic material. Three types of ceramic molds were 
made: LUDOX ceramic/hydrolysed ethyl silicate and quartz, LUDOX ceramic/hydrolysed ethyl silicate and 
molochite, Remasol ceramic and quartz. After applying all of the coats, the ceramic form was dried under 
constant humidity and temperature conditions. Finished ceramic molds were casted with high alloy steels. 
Roughness tests of wax models, the first ceramic coat, initial shot blasting, sanding, and final shot blasting 
were performed. The results are presented in form of graphs, tables and pictures. 

Keywords: Ceramic molds, investment casting, lost-wax, roughness, cast steel 

1. INTRODUCTION 

Parts of jet engines with complex geometric shapes (such as low and high pressure turbine blades) [1] are 
critical for flight safety. They are produced by the investment casting method [2-5]. The main unit processes 
include production of a wax model, a wax model kit, and multilayer ceramic mold, and wax melting, molding, 
liquid metal casting, post-processing and quality control. 

Commercial software programs such as MAGMASOFT®, ProCAST®, Solid/FlowCAST® and author programs 
[6-7] are used to support the design of casting processes. This type of software is able to simulate the flow of 
metal in the mold while priming on the basis of the model kit image. 

Quality of precision casting surfaces, defined by the roughness, the presence of foundry defects and the 
different chemical compositions in relation to interior areas, mainly depends on the phenomena on the 
boundary of the ceramic form - liquid metal, from the time the mold is submerged to the solidification of the 
casting. Such processes may be of a thermal or thermo-chemical nature if they are present at the surface of 
the mold and in the liquid phase of components with high chemical activity. 

One of the key parameters is the quality of the surface of the castings, which is a resultant of parameters of 
the production of the wax model, the mold and the mechanical processing of the castings of the cast. 

The purpose of the paper is quantitative analysis of the influence of manufacturing and processing parameters 
on the surface roughness of the wax model, the first ceramic coat and the surface of castings in the form of 
the blades after initial shot blasting, sanding and final shot blasting. 

2. METHODOLOGY 

Wax models, model sets, molds and castings were manufactured under industrial conditions. 
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For the production of wax casting models (Figure 1a) KC 4017B casting wax from Kindt-Collins Company LLC 
company was used. Single models were combined into model kits (Figure 1b), where ceramic molds were 
made, consisting of 7 coatings, differing in components according to the following specifications: 

 Ludox binder, hydrolysed ethyl silicate with quartz flour, sprinkles - quartz sand of different grains, 
designated 1 (Figure 1c), 

 Ludox binder, hydrolysed ethyl silicate with molochite powder, sprinkles - molochite sand of different 
grains, labeled as 2 (Figure 1d) 

 Remasol binder with quartz flour, sprinkles - quartz sand of various grain size, labeled 3 (Figure 1e). 

a) b) c) d) e) 

     

Figure 1 Wax model of blade (a), model set (b), form 1 (c), form 2 (d), form 3 (e) 

Subsequently, the molds were coated with chromium-nickel steels of grade 1.4825, with a content of about 18 
% Cr, 9 % Ni, 0.2 % C and 2 % Si. Once the metal is solidified, the molds are being broken (Figure 2). 

a) b) c) 

   

Figure 2 Ceramic form after breaking down. A model shell (a), further molds (b-c) 

Then, single castings of the blades were cut off from the flood system and subjected to post-processing. Initial 
shot blasting (Figure 3) was made using a S280 spherical shotgun with a size of about 0.3-0.6 mm and a 
hardness of about 500 HV. 

a) b) c) d) 

    

Figure 3 Blade 1 (a), 2 (b), 3 (c) after initial shot blasting and shot (d) 

Sanding (Figure 4) was made using an electrolyte with a Mohs hardness of 9 and grain size of 0.2-0.5 mm. 
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a) b) c) d) 

    
Figure 4 The blade 1 (a), 2 (b), 3 (c) after the sanding process and the electrolyte (d) 

For the final shot blasting (Figure 5) Chronital was used with a hardness of about 450 HV and a grain size of 
0.15-0.5 mm. 

a) b) c) d) 

   
 

Figure 5 Blades 1 (a), 2 (b), 3 (c) after the final blast process and chronital (d) 

The evaluation of the surface quality of the wax model, the first ceramic coat before and after casting and 
casting, prior to mechanical treatment and after shot blasting, sanding and final shot blasting were performed 
on the basis of roughness measurements, expressed by parameters [8]: 

• The Ra parameter is the average measure of the maximum surface roughness 
• The Rt parameter is the total height of the profile: the sum of the height of the highest elevation of the 

profile and the greatest depth of the profile depression within the measuring section is very sensitive to 
single vertices and recesses 

• The Rq parameter is statistically equal to the standard deviation of the ordinate profile, and the single 
high elevations and recesses of the profile affect its value more than Ra, 

• The Rz parameter is the sum of the highest elevation and the largest recess within the elementary 
section 

Measurements were made using an optical profilometer WYKO NT9300 (Figure 6a). On each test piece, 5 
measurements were taken in the zone shown in Figure 6b. 

a) b) 

  

Figure 6 Optical profilometer WYKO NT9300 

Research results are presented in the form of photographs, tables and graphs. 
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3. RESULTS 

The results of the surface roughness tests of the wax models, the first ceramic coat and the blades of the 
blades after initial shot blasting, sanding and final shot blasting are shown in Figures 7-11. 

2D topography 3D topography 
Roughness parameters [µm] 

Ra Rq Rz Rt 

 
 

2.95 3.99 51.92 73.49 

Figure 7 Results of the roughness measurements of the wax blade model 

2D topography 3D topography 
Roughness parameters [µm] 

Ra Rq Rz Rt 

  

First coat (1) 
6.05 8.58 86.44 110.25 

First coat (2) 
6.23 9.69 80.22 130.01 

First coat (3) 
6.71 11.58 87.23 135.45 

Figure 8 Results of the roughness measurements of the first ceramic coat 

2D topography 3D topography 
Roughness parameters [µm] 

Ra Rq Rz Rt 

  

Cast (1) after initial shot blasting 
5.78 7.33 46.23 50.83 

Cast (2) after initial shot blasting 
6.41 40.03 53.99 61.53 

Cast (3) after initial shot blasting 
7.13 7.08 49.00 55.22 

Figure 9 Results of the roughness measurements after initial shot blasting 

2D topography 3D topography 
Roughness parameters [µm] 

Ra Rq Rz Rt 

  

Cast (1) after sanding 
5.28 6.71 49.31 64.02 

Cast (2) after sanding 
5.87 7.49 51.99 58.07 

Cast (3) after sanding 
6.48 8.14 61.45 73.12 

Figure 10 Results of the roughness measurements after sanding 
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2D topography 3D topography 
Roughness parameters [µm] 

Ra Rq Rz Rt 

  

Cast (1) after final shot blasting 
5.10 5.89 40.78 45.98 

Cast (2) after final shot blasting 
5.59 6.97 41.02 46.82 

Cast (3) after final shot blasting 
5.83 7.24 44.16 46.76 

Figure 11 Results of the roughness measurements after final shot blasting 

4. CONCLUSIONS 

Based on the result of the research, the following conclusions can be made: 

 The wax model has the greatest surface smoothness out of the materials studied. 
 The ceramic first coat is approximately 3 times larger than the wax model, with the smallest roughness 

being variant # 1 made of Ludox binder and quartz molding sand. 
 For variants # 2 and # 3 on the casting surface there are residuals of the mold cavity which could be 

removed only by sanding and final shot blasting. 
 The smallest roughness is found after the final shot blasting however the differences are minor with 

respect to initial shot blasting and sanding. 
 In order to obtain a smoother blade surface the process of troweling i.e. vibration treatment using 

metallic, ceramic or glass materials should be carried out.  
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Abstract 

This paper presents the results of the effect of Cr in the precipitation of carbides in nodular iron class 100-70-
03. In this study was considered the average nominal chemical composition suggested by the ASTM standard 
and added with content between 0.5 to 3 %Cr. Nodular iron was manufactured in induction furnace using 
conventional raw materials. "Y" casting blocks were obtained in silicate sand moulds. Thermocouples were 
placed in Y blocks to obtain the corresponding cooling curves. "Y" castings were cut to evaluate the fraction 
and distribution of carbides through the casting as a function of the amount of Cr in the alloy. The cooling 
curves were analyzed so that on the basis of experimental eutectic temperature with the fraction of carbides 
precipitated by the presence of Cr. This nodular iron could be applied to CADI manufacturing components with 
high hardness and wear resistance. 

Keywords: Nodular iron, carbides, thermal analysis, whitening elements 

1. INTRODUCTION 

Nodular irons are increasingly used in different industrial areas due to their mechanical properties and the 
manufacturing cost. In the last years new developments have been done as: high nodule density (greater than 
400 nod / mm2), thin wall casting, austempered ductile irons (ADI), thin wall ADI, carbidic austempered ductile 
iron (CADI) [1, 2, 3]. Carbides are forbidden in conventional nodular irons, especially in the automotive 
components, due to the fragility caused by this microconstituent and the difficulties during the machining 
process. However there are applications that request high hardness in casting conditions, therefore it is 
necessary the presence of certain fractions of carbides. 

Carbides precipitation can be promoted by different ways: with low Carbon and Silicon contents, with high 
cooling rates or by the addition of whitening elements (carbidic promoting elements). Last method [4] is most 
practical, since during the iron melting whitening alloys are added to promote the controlled formation of 
carbides, especially in thick section. Elements that promote the formation of carbides have different power, the 
weak as manganese and molybdenum, to the 
most powerful as chrome and vanadium. 
Figure 1 shows the whitening power for some 
alloying elements, its power is based on the 
depth of chill test. 

In this work the effect of the amount of Cr on the 
carbides fraction precipitated is studied, 
considering as reference the chemical 
composition of nodular iron class 100-70-03. 
Also the effect on the position of the eutectic 
temperature using thermal analysis technique, 
and to use this parameter in order to predict the 
carbides fraction precipitated. 

Figure 1 Whitening power for alloying elements 
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2. EXPERIMENTAL DEVELOPMENT 

For the manufacturing of the experimental irons the chemical composition of the iron class 100-70-03 was 
used as reference, Table 1 shows its chemical composition. 

Experimental irons were manufactured in an induction furnace of 100 kg of capacity, the materials charged  
were steel and nodular iron scraps. Chemical composition adjustments were made by additions of FeMn75, 
FeSi75 and carbon raiser. Addition of chromium was performed using FeCr65. The spheroidization treatment 
was carried out by applying the sandwich method with FeSi45.5Mg6.42. Inoculation treatment was done in 
two stages, in stream inoculation with 0.20 % Si and post inoculation with 0.10 % Si, using FeSi70 ferroalloy. 

Y-blocks castings of 3 cm thick were obtained in silica-silicate-CO2 sand moulds, thermocouples were attached 
to a data acquisition and to a computer. With the data acquired, the cooling curves of each alloy were obtained. 
Once solidified and cold the casting were cut and analyzed the segments shown in Figure 2. 

          

Figure 2 Y block and segments for metallographic analysis 

In each segment were evaluated three zones: lower, middle and upper and also three positions from the edge 
to the center of the casting, in order to determine possible variations of microstructure between the different 
zones associated to the effect of the local solidification rate. 

In all samples were evaluated the graphite characteristics: nodularity %, nodule size and nodule count (nodules 
/ mm2). For the evaluation of the carbide fraction the sample was etched with fresh solution of  
10 mL of conc. HNO3, 4 mL of HF conc., 87 mL of H2O (darken reactive), which obscured all the phases except 
the carbides. The fraction of precipitated carbides was performed by digital image analysis (Image Pro-Plus). 

3. RESULTS 

3.1. Chemical composition 

The chemical composition of reference iron and experimental nodular irons are presented in Table 1. 

Table 1 Chemical composition of reference and experimental nodular irons 

 %%C %Si %Mn %Cr %Cu %Ni %P %S %Mg CE 

Reference 3.62 2.45 0.60 0.13 0.34 0.042 0.013 0.012 0.045 4.44 

1.35 Cr 3.76 2.48 0.60 1.35 0.34 0.041 0.015 0.020 0.08 4,59 

1.95 Cr 3.82 2.31 0.63 1.95 0.34 0.040 0.016 0.020 0.062 4.59 

2.49 Cr 3.78 2.34 0.60 2.49 0.31 0.041 0.016 0.025 0.085 4.57 

Central 
 

wall 
 

thermocuples 
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3.2. Metallographic analysis 

The microstructures non etched, etched with nital 3 % and with darken reactive are shown in Figures 3, 4 
and 5. 

 

Figure 3 Nodular iron with 1.35 %Cr (scale 100 μm) 

 

Figure 4 Nodular iron with 1.95 %Cr (scale  100 μm) 

 

Figure 5 Nodular iron with 2.49 %Cr (scale 100 μm) 

Table 2 shows the characteristics of the graphite and the average carbide fractions precipitated for each iron 
as a function of chromium %. 
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Table 2 Average carbide fraction of each experimental alloy and graphite characteristics 

%Cr 
% carbides 

wall mould 

% carbides 

Central zone 

% carbides 

average 
% Nodularity Nodule 

size Nodules/mm2 

1.35 %Cr   9.10   7.30   8.20 > 90 5 100-150 

1.95 %Cr 21.0 17.05 19.025 > 90 5-6 100-150 

2.49 %Cr 27.50 23.10 25.30 > 90 6 120-150 

3.3. Thermal analysis 

Figures 6, 7, 8 and 9 show the cooling curves for each of the experimental irons in the eutectic transformation 
zone. Also eutectic stable and metastable temperatures are placed in the graph in order to compare with the 
experimental eutectic temperature. These temperatures were calculated according to Sheiikholeslami [5] in 
addition to [6, 7]. The parameter DiET is the difference between the stable and metastable temperatures, and 
is affect by the chemical composition. While the parameter DT is the difference between the metastable 
eutectic temperature and the experimental eutectic temperature. 

4. DISCUSION 

4.1. Chemical composition 

Chemical compositions indicate the increase of the chromium in the three experimental alloys, so it is feasible 
to evaluate its structural and thermal effect. Equivalent carbon in all cases is slightly hypereutectic, so the 
solidification pattern is similar in the three alloys. 

4.2. Microstructure 

Table 2 shows that the fraction of carbides is increased with the increase of chrome. There are differences 
between the fraction of carbides located in the wall and the center of the casting, this is an indicative of the 
local cooling rates effect. On the other hand, in spite of competing the solidification pattern of the stable 
diagram Fe-G with the metastable diagram Fe-Fe3C, a good level of nodularity and nodule count was obtained 
in the three experimental alloys. Iron with the lowest content of chromium presented a smaller fraction of 
alloyed carbides mixed with ledeburite (carbides+perlite). The alloys with higher chromium content carbides in 
greater quantity with long and continuous morphology, similar to primary carbides. The elongated carbides are 
associated with alloyed carbides probably CrxCy type. 

 

Figure 6 Cooling curve for iron without chromium           Figure 7 Cooling curve for iron with 1.35 %Cr 
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Figure 8 Cooling curve for iron with 1.95 %Cr          Figure 9 Cooling curve for iron with 2.49 %Cr 

4.3. Cooling curves 

In the cooling curve of nodular iron without chromium, the eutectic transformation is between the stable and 
metastable temperatures, indicating the non-precipitation of carbides during solidification, this condition agrees 
with the microstructure of this alloy. 

Alloyed iron with 1.35 % Cr the experimental eutectic temperature is depressed to 5 °C below the stable 
eutectic temperature (parameter DT in Figure 7). This condition favors the formation of carbides during 
solidification by partially following the metastable diagram, a condition that is consistent with the microstructure 
of Figure 3. 

In the case of iron with 1.95 % Cr the difference between the experimental and metastable eutectic temperature 
(DT) increases to 13.82 °C (Figure 8), which indicates the formation of carbides in greater quantity. This is 
observed in the microstructure of Figure 4 in which the morphology of the carbides also changes. Finally the 
iron with 2.49 % Cr, the experimental eutectic temperature is located 18.96 °C below the metastable 
temperature (DT in Figure 9), indicating the formation of more carbides than iron with 1.95 % Cr, this is 
corroborated in the results of the Table 1 and in the microstructure of Figure 5. The magnitude of the 
depression of the experimental eutectic temperature in relation to the metastable has a direct relationship with 
the fraction of precipitated carbides, while greater difference greater quantity of carbides. So this parameter 
can predict the amount of precipitated carbides when chromium is used as the alloying element. 

5. CONCLUSION  

1) With chromium content between 1.35 and 2.49 %, the fraction of precipitated carbides is increased from 
8.2 to 25.3 %. 

2) Chromium depresses the eutectic transformation temperature to below the metastable eutectic 
temperature. 

3) When the chromium content increases the magnitude of the eutectic temperature depression also 
increases and is related to the fraction of precipitated carbides. 

4) The magnitude of eutectic depression can be used as a parameter to predict the fraction of precipitated 
carbides when the whitening element is only chromium. 

ACKNOWLEDGEMENTS 

To the project PAPIIT IN 116514 for the financial support granted. We also thank M. in C. Victor A. 
Aranda V. for the support in the evaluation of carbides in the experimental alloys. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

161 

REFERENCES 
[1] KEOUGH, J.R., HAYRYNEN, K.L. Carbidic Austempered Ductile Iron (CADI). Ductile Iron News, Issue 3, pp 1-9, 

2000 

[2] LAINO, S., DOMMARCO, R., SIKORA, J. Fundición nodular austemperizadas con carburos. El Fundidor de la 
Cámara de Industriales, Fundidores de la República Argentina, N° 123, pp 4-16, Mayo-Junio 2007 

[3] GARCÍA, A., ATLATENCO, C., GONZÁLEZ C., AMARO A. Respuesta al tratamiento de Austemperizado (ADI) 
de un hierro nodular con diferentes matrices. Moldeo y Fundición, N° 175, pp 12-16, Febrero 2007 

[4] BIGGE R. Tramp Elements in Grey and Ductile Iron” Iron Casting. Research Institute, Ductile Iron News, pp 1-
4,Issue 2009 

[5] SHEIKHOLESLAMI, M., BOUTORABI, S.M.A. A Research on the calculation of graphitization ability of gray cast 
irons, Iranian Journal of Materials Science and Engineering Vol. 9 Nº4, S/pp. IUST, Tehran, Iran, Diciembre de 
2012. 

[6] KANNO, T., KIMURA, H., HIDEO, N. The relationship between the variation of eutectic temperature and melt 
quality in cast iron. Kimura Foundry Co. , AFS Trans, S/pp. Japón, Septiembre del 2005. 

[7] ARIAS, M., HIRSCHVOGEL, J. Influencia del silicio en la temperatura de transformación eutectoide. El fundidor 
de la cámara industriales Fundidores de la Republica Argentina, N°126, pp 36-50, Diciembre de 2008 

 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

162 

RECYCLING OF NON-CONFORMING PRODUCTS IN THE FIELD OF MAGNETS 
PRODUCTION 

HLOSTA Jakub1, VALDEROVÁ Alice2, ZEGZULKA Jiří1, HLAVATÁ Miluše2  

1VSB - Technical University of Ostrava, ENET Centre, Laboratory of Bulk Materials, Czech Republic, EU 
jakub.hlosta@vsb.cz 

2VSB - Technical University of Ostrava, Faculty of Mining and Geology, Institute of Environmental 
Engineering, Ostrava, Czech Republic, EU 

Abstract 

This paper deals with a recycling and reusing of non-conformity product during the production of magnets. 
Theoretical part of the paper contains general facts about permanent magnets and theirs productions. 
Experimental part describes methodology of non-conformity product processing by dry milling to ensure 
optimal conditions for rebuilding the material to reuse it in production cycle. Granulometry analysis of the milled 
material showed the formation of clumps and aggregates of size from 20 to 30 microns but an ideal particle 
size suitable for the production of the magnets is about 1 micron. After evaluation and mutual comparison of 
results, appropriate measures have been proposed in the recycling technology which has been used. 

Keywords: Recycling, magnets production, non-conforming products, milling 

1. INTRODUCTION 

Magnets are used in a variety of industries. In our civilization, they are increasingly sought-after, the products 
made from them are of strategic importance, and their worldwide consumption is steadily rising. In the context 
of environmental protection, it is important to address the issue of their recycling, which will lead to the further 
use of waste as a secondary raw material in the production process. The issues of reuse of waste are paid 
great attention worldwide. An important part of this dynamically developing sector is the applied process 
technology. Well-known, respected and most commonly used configurations (technological schemes) include 
processes such as sorting, crushing and separation [1]. The aim of this work is to examine the optimal 
conditions of ferrite magnet processing in the dry milling phase. An important impulse was the vision of the 
possibility of improving the controlled recycling of waste generated in practice. Hexaferrites are interesting 
materials due to the versatility of their properties such as: magnetic, dielectric, multiferroic, magnetoelectric 
properties, etc. [2, 3]. Consequently, they are used in many applications, particularly as permanent magnets 
[4]. Permanent magnets are used in various applications including: motors, computing, electrical engineering, 
power engineering, fine mechanics, handling technology, home appliances, medicine, automotive engineering, 
engineering, telecommunication, measuring equipment, aeronautics, astronautics and water transport, 
sensors and ecology. Each type of permanent magnet has its own specific manufacturing process. The 
common production technology for all types of magnet is powder metallurgy. This is a method in which the 
mixture of metallic powders is mixed, then compressed into a mould, and subsequently sintered at high 
temperatures. The resulting product is very hard and cannot be repaired or processed to the desired form. 
Therefore, it is necessary to define the final dimensions consistently during the production and to produce 
them precisely. In the final phase, the magnets can be grinded gently to achieve strictly flat surfaces. The 
amount of hexaferrite magnets used per year was estimated by Gutfleisch et al. [5] at approx. 4.3·105 t in 2010. 
In that respect, these materials have been the focus of many studies devoted to the optimization of the 
production cost [6, 7] and also to the improvement of their magnetic properties [8 - 10]. 
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Ferrite magnets are made of iron oxide (Fe2O3) and barium and strontium carbonates (BaCO3 and SrCO3). 
These feedstocks are mixed in a ratio of 80 % Fe2O3 and 20% BaCO3 or SrCO3. This mixture is calcined to 
form hexaferrite. Calcination is a high-temperature process in which one solid material is eliminated as a 
gaseous substance and the other forms a solid. Subsequently, the moulding is done in the desired form in the 
dry form or in the form of an aqueous suspension. Magnets acquire the final shape, size and toughness by 
firing (sintering) at a temperature of 1200 °C. They are then magnetized, packaged and dispatched after the 
final check.The paper deals with the process of producing hard ferrite magnet in a dry grinding phase on a VM 
500 vibratory mill. The VM 500 vibratory mill is a continuous rod two-stage mill consisting of two cylinders 
placed one on top of the other. Steel rods of two different diameters are installed in these cylinders. In the 
upper cylinder, bars with a diameter of 30 mm and a length of 1998 mm are used, in the lower cylinder there 
are bars with a diameter of 20 mm with the same length of 1998 mm. The particle size of the non-matching 
raw material after the grinding process needed to produce the magnet is within 1 μm. In case of insufficient 
crushing in this dry grinding, the wet milling process follows. Milling as such is an operation in which particles 
degrade. Dry grinding takes place without the addition of any liquid. Its advantage is the elimination of the 
energy-intensive and often technologically demanding drying process of the resulting material. Wet milling is 
more effective, but it is more costly. Study of metal powders as the input materials is of importance in gaining 
insight into the basic principles of powder metallurgy [11]. 

2. EXPERIMENTS AND METHODS 

The paper deals with granulometric properties of ground waste as a secondary raw material in the production 
of ferrite magnet with regard to its subsequent classification into production. In the production of ferrite 
magnets, non-conforming products (scrap) are produced which do not match the required parameters after 
pressing. This waste is used as a secondary raw material in the production process. Non-conforming products 
are comminuted on a vibratory rod mill in a dry grinding operation into a product of the desired particle size. 
The experimental work began on the continuous two-stage VM 500 rod vibratory mill in the company 
Feromagnet and was focused on the collection of samples of milled particles to determine the final particle 
size (granulometry). The next step in the experimental part of the paper was a simulated milling process on a 
laboratory vibratory mill to determine the effect of the grinding time on the resulting particle size. 

2.1. Materials 

The material examined in this work is the strontium hexaferite SrFe12O19, the so-called Ferrimagnet, the basic 
component of permanent magnets. The composition of the material was verified by X-ray diffraction analysis. 
Strontium hexaferrite is a hard magnetic material due to their high coercivities (6.64 kOe) which originates from 
its high magnetocrystalline anisotropy and it is strongly dependent on the size and the shape of the particles. 
Moreover, the Curie temperature of SrFe12O19 is around 470 °C and the saturation magnetization between 
74.3 and 92.6 emu / g. For the preparation of hexaferrite, the solid state reaction method is commonly 
employed that involves firing of a stoichiometric mixture of strontium carbonate and iron oxide at high 
temperature (∼1200 °C) but the obtaining fine, high chemical homogeneity and monodispersed particles may 
not be easy [12]. Raw and final product are shown in Figure 1. 

2.2. Particle shape and size distribution 

Particle size distribution was tested by using a CILAS 1190 laser analyzer (wet method), with coherent light 
830 nm wavelength from a low-power laser diode passes through a cell containing the metal powder dispersed 
in water like carrying medium. The results were interpreted based on Fraunhofer's theory. Determination of 
the particle shape was based on SEM photos and microscopic photos captured by microscopic equipment of 
stereomicroscope Nikon AZ100 within particle size distribution measurement by CILAS 1190.  
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a) b) 

Figure 1 Raw (a) and final (b) product photos 

2.3. X-ray powder diffraction 

The XRPD patterns were recorded under CoKα irradiation (λ = 1.789 Å) using the Bruker D8 Advance 
diffractometer (Bruker AXS) equipped with a fast position sensitive detector VÅNTEC 1. Measurements were 
carried out in the reflection mode, powder samples were pressed in a rotational holder, goniometer with the 
Bragg-Brentano geometry in 2θ range from 5 to 80°, step size 0.03°. Phase composition was evaluated using 
database PDF 2 Release 2004 (International Centre for Diffraction Data). X-ray powder diffraction analysis 
result data are shown in Figure 2. 

 

Figure 2 X-ray powder diffraction analysis result 
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3. RESULTS AND DISCUSSION 

Testing started directly on the VM 500 vibratory mill by taking samples to examine the size of the milled grain 
at the milling time adaptation. Gradually, 10 different operating conditions of the vibratory mill were set. Figure 
3 shows the average mean grain size of the individual operating states as well as the hourly mass flow rate of 
the material in the mill. The test work on the vibratory mill included practical determination of the mass flow 
rate of the material through the device. This was used to optimize the operating conditions compared to the 
produced granulometry of the resulting recycled product. The assumption that the grinding efficiency can be 
negatively affected by the uneven deposition of the raw material into the container and the adhesion of the raw 
material to the walls of the hopper opening was confirmed by the monitoring and continuous evaluation of 
grinding conditions. After the evaluation of these indicators, operating state No. 3 proved to be optimal as it 
exhibits the smallest particle size at the highest material flow rate.  

 

Figure 3 Mass flow rate and particle size dependence on operational setup 

The granulometric analysis of the ground raw material initially showed that the particle size was in the range 
of 20-30 μm. The conclusion drawn was that the grinding time was inadequately adjusted. However, the milling 
time correction and the measured results did not confirm this hypothesis. Despite the increase in the grinding 
time, a finer fraction was not obtained by dry grinding. Finally, a series of laboratory experiments was carried 
out, where the effect of grinding time on the resulting granulometry was monitored. The grinding times in this 
series ranged from 10 to 60 minutes. A satisfactory distribution of the input material occurred after 30 minutes 
of milling. Figure 4 shows the results of particle size distributions in the form of histograms. The progression 
of histograms in laboratory samples indicated the possibility of aggregation formation. The main peak of the 
laboratory samples showed a particle size around 25 μm as well as in a monodispersion industrial sample, but 
also a small peak with a proportion of about 0.5% of the particles around 0.3 μm. The presumption of particle 
aggregation was confirmed by optical observation first by a standard optical, then an electron microscope. 30 
minutes proved to be a sufficient dry grinding time. After this time, granulometry did not change fundamentally, 
as can also be seen in Figure 4.  
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Figure 4 Particle size distribution of industrial and laboratory samples 

On the electron microscopy images, it can be seen that the vast majority of the particles are up to 1 μm in size. 
These then form an aggregate of about 25 μm in size, which the granulometer detected and presented as 
particles. Particle aggregation was demonstrated on practice samples, as well as samples from a simulated 
milling process under laboratory conditions. Microscopy, which included the use of ultrasound as a technology 
to “break” the aggregates into individual particles, made it possible to monitor cluster size variability and the 
accumulation of smaller particles to the nearest aggregates. Granulometric, and then microscopic, sample 
measurements should determine whether the vibratory mill is capable of grinding the feedstock by a 
mechanical dry-grinding process to a grain size of up to 1 μm. This was confirmed. Images taken with an 
optical and electron microscope are shown in Figure 5. 

   
a) b) c) 

Figure 5 SEM (a, b) and optical (c) microscopy photos - single particles and aggregates 

4. CONCLUSION 

The objective of this work was to determine the optimum conditions for the processing of scrap ferrite magnets 
by dry milling in order to reuse the obtained raw material in production. The inspiration was the vision of the 
possibility of improving the controlled recycling of waste produced in practice. The assumption that the 
composition of the ferrite raw material intended to produce the magnet contained inappropriate particles was 
not confirmed. X-ray powder diffraction determines that a sample of the measured material is a raw material 
commonly used for the production of ferrite magnet. The analysis and evaluation of the milling process and all 
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the measurements made have shown that the mechanical properties of the vibratory mill to grind the particles 
of up to 1 μm are sufficient, but agglomerates of 20-30 μm are then formed. At the same time, they have shown 
that the grinding time, set at 30 minutes, is sufficient, and the optimal production setting of the grinding line 
has been evaluated with respect to the conveying power and the resulting granulometry. Last but not least, it 
is worth mentioning that the selected raw material was adequate for the needs of production. To streamline 
the recycling process, three possible solutions were suggested, which would include adjusting the mass flow, 
avoiding aggregate formation, and introducing the technology of breaking aggregates. The mass flow rate 
could be positively affected by adjusting the slope of the reservoir walls and increasing the batching opening. 
A partial solution to the improvement could be the adjustment of the feed-in time of the feedstock. The 
formation of agglomerates could be prevented by a suitable additive that would be added to the grinding 
process along with the feedstock. The milling process could be made more effective by the introduction of an 
ultrasonic technology, which could break the resulting aggregates into smaller particles during wet grinding. 
Finally, questions arise as to how effective the implementation of the proposed solutions would be. Some 
solutions require further scrutiny, most solutions would not do without investments that could disrupt the 
process’s effectiveness. 
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Abstract 

The behavior of nonmetallic inclusions in liquid steel results from such processes as fluctuation, adhesion and 
collisions between particles. In the metallurgical processes that take place in the ladle, the agglomeration 
based on turbulent collisions between oxide particles plays the most important role. Typically, the deoxidization 
of steel is conducted with the use of aluminum. Upon adding yttrium the process of oxides formation also refers 
to yttrium oxide (Y2O3). Both oxides have a strong grouping tendency. For this reason the collisions between 
particles will cover both oxides of the same and of different components. For the sake of determining the rate 
of turbulent collisions of aluminum oxide and yttrium oxide particles through the mixing of a hot metal bath, the 
Particle Grouping Method and population balance equation were used. The simulations were performed for 
the assumed mixing energy value for 6 exemplary size-groups. The initial number of particles, resulting from 
the deoxidization ability of Al and Y at given oxygen content and initial radius of the formed oxide, were 
assumed. The analysis of obtained results revealed that at a constant oxygen content, the increase of initial 
radius shortens the time of fading away of particles in all six size-groups. In the case of large inclusions, their 
grouping through collisions is faster; it results from the higher probability that particles of large radius will 
collide. Particles of a very small radius (1 µm) were observed to hardly agglomerate, and because of this were 
hard to remove from liquid steel. 

Keywords: Agglomeration, steel casting, Y2O3, numerical modelling, Particle Size Grouping Method 

1. INTRODUCTION 

The behavior of precipitates from a liquid metallic bath stems from the cooperation of such processes as: 
agglomeration, adhesion and effluence, on the basis of collisions realized according to III types of collision 
mechanisms [1-3]. Turbulent collisions result in simultaneous and intensive removal of precipitates through 
flotation and increase of their size. The refining brings about solid particles (Al2O3, Y2O3, Al2O3 - CaO), liquid 
particles (60 % Al2O3 - CaO - SiO2) and also solid-liquid complexes. The investigations carried out by authors 
proved that precipitates are not equally agglomeration-prone [2]. Liquid inclusions have typically low melting 
temperature, thanks to which more easily cluster forming drops, and because of the collisions, create lumps 
and flow out. In the case of solid particles, e.g. aluminum oxide, REM oxides, the agglomeration is quick, with 
clusters of inclusions as an output. This is caused by the operation of capillary forces; the intensity of attraction 
between particles is conditioned by the lack of wettability of these precipitates by liquid steel [3].   

The agglomeration of aluminum oxide inclusions was broadly analyzed in literature [3, 5 - 7]. Yin et al. [8, 9] 
conducted experiments lying in the observation of capillary attraction between aluminum oxide particles in 
liquid steel. This created bases for stating that the capillary attraction forces act on particles of radius 3µm, in 
a broader range than 10 µm and it is the biggest among all analyzed inclusions. If such solids inclusions as 
Al2O3 and Y2O3 are present in liquid steel, their agglomeration realized through turbulent collisions may be 
equally intensive. It is highly probable that such complex agglomerates as Y2O3 - Y2O3, Al2O3 - Al2O3, and 
Al2O3- Y2O3 will be formed. However, fine Y2O3 precipitates play the role of a fine-dispersive phase responsible 
for hardening and having the function centers of crystallization and for other inclusions, e.g. nitrides and 
carbides [9]. From the point of view of process efficiency, their presence in the form of fine particles is 
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advantageous. In this case they should be evenly distributed in the steel volume, and their agglomeration is 
not advantageous. In this paper the Particle Size Grouping (PSG) method was used for calculating 
agglomeration of aluminum and yttrium oxides on the basis of the population balance equation [10]  

1.1. Particle Size Grouping Method 

The PSG allows to calculate the agglomeration for a small number of size groups of non-metallic inclusions, 
maintaining their volume balance [5-11]. The analyzed population of particles has a characteristic radius r and 
number in a unit of steel volume N0. The calculating of the population balance is a huge calculation task, 
therefore PSG method is very helpful. It simplifies the calculation by grouping many particles into M size 
groups, and the population balance equation is solved only for particular size group. It has been assumed that 
all particles are assigned to one of size groups, which means that only particle representative for a given group 
is taken into account during computation, i.e. of volume from v1 to vM. The vk / vk-1 = R ratio is constant in each 
group. Authors assumed R = 2, which means that the critical particle vk is built of two particles of lower level 
vk-1. The calculations were performed with the following equations [5, 6, 10]: 

,  (1) 

,  (2) 

where:  - density of particles of given size nk referred to the initial density of particles N0, N0 - initial density 

of particles (initial number of particles in a given volume), NM - number of basic particles forming the biggest 
agglomeration, ξ, ζ - correction coefficients of particle density in a group, ic,k-1 - critical size of particle, δij - 
Kronecker delta (δij=1 for i=j, δij=0 for i≠j), t* is dimensionless time. Parameters may be found with: 

, , ,   (3) 

.  (4) 

1.2. Results of simulations and discussion    

The analysis was performed for a group of particles of varying initial size of 1 and 25 μm. The number of 
particles formed in the course of collisions is calculated on the basis of equations describing the frequency of 
collisions, depending on the radius and initial number of inclusions N0. For the simplicity sake, six size groups 
were assumed in the analysis. The collisions were stimulated for mixing energy ε = 0.001 m2·s-3. The results 
were visualized in the form of plots showing how the particles vanish in particular size groups (nk / N0) in a 
function of dimensionless time (t*) for initial number of particles associated with the quantity of dissolved 
oxygen (500 and 10 ppm). Dimensionless time was determined with equation (4). Literature data referring to 
coefficient α considerably vary, also in reference to the results obtained with equation proposed by Higashitani 
[11]. Accordingly, α=1 was assumed. The number of particular nonmetallic inclusions was calculated for 
particular size groups depending on the amount of applied deoxidant. The obtained results are presented in 
Table 1.  
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Table 1 Initial number of nonmetallic inclusions N0 in liquid metal bath for initial radius 25 µm and 50 µm 
   (for oxygen content 10-500 ppm) 

 Particle initial radius 

 25 (m) 50 (m) 

Oxygen content 
(ppm) 

Al2O3 Y2O3 (Y,Al)2O3 Al2O3 Y2O3 (Y,Al)2O3 

10 755443638 1673826100 2274722263 94430455 209228262 2843402823 

50 3777218190 8369130499 11373611317 472152274 1046141312 1421701415 

100 7554436380 16738260998 22747222634 9443044547 2092282625 28434028229 

500 37772181899 83691304992 113736113168 4721522737 10461413124 14217014146 

1.2.1.  Calculations for Al2O3 particle of initial radius r = 1 and 25 (µm) and oxygen content in steel 500 ppm: 

 

Figure 1 Results of calculations for a particle of initial radius r = 1 µm and 500 ppm [O] 

 

Figure 2 Results of calculations for a particle of initial radius r = 25 µm and 500 ppm [O] 

Plots in Figures 1-2 illustrate the agglomeration of Al2O3 particles through turbulent collision and vanishing of 
particles in lower groups at mixing energy ε=0.001 m2·s-3 for oxygen content in steel of 500 ppm. It was 
observed that for particles of initial size value 1 µm (Figure 1) agglomeration took place very slowly even when 
the process was considerably elongated. Their removal through collisions is difficult. The character of the plots 
illustrating the agglomeration of aluminum oxide inclusions and vanishing of particles from lower groups is 
similar to the results obtained by Higashitani et al. [11].  

The same series of calculations were performed for oxygen content of 10 ppm. A considerably lower initial 
number of N0 particles was obtained, which had impact on the value of calculated dimensionless time t* [7].   
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1.2.2.  Calculations for Al2O3 particle of initial radius r = 1 and 25 (µm) and oxygen content in steel 10 ppm: 

 

Figure 3 Results of calculations for a particle of initial radius r = 1 µm and 10 ppm [O] 

 

Figure 4 Results of calculations for a particle of initial radius r = 25 µm and 10 ppm [O] 

The character of the plots (Figure 3 and 4) is similar as for the case 1.2.1, where the oxygen content equaled 
to 500 ppm. Analogously, the agglomeration tends to slow down for small particles (1 µm). Also in this case 
the agglomeration of particles of small diameter is difficult and the process has to be carried out for a long 
time, which in real conditions is difficult. 

1.2.3.  Calculations for Y2O3 particle of initial radius r = 1 and 25 (µm) for oxygen content in steel 500 ppm: 

 

Figure 5 Results of calculations for a particle of initial radius r = 1 µm and 500 ppm [O] 
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Figure 6 Results of calculations for a particle of initial radius r = 25 µm and 500 ppm [O] 

As shown in Figures 5 and 6 the Y2O3 inclusions, analogous to other metal oxides of rare soils, belong to 
compounds tending to agglomerate. The growth of yttrium oxides inclusions and reduction of particles in 
particular size groups was calculated for the same mixing energies and initial sizes of radius as in the case of 
aluminum oxide inclusions. The differences of agglomeration plots stem from the number of particles (N0) 
taken into account in the calculation. The number of inclusions N0 was determined on the basis of stoichiometry 
of yttrium oxide formation for oxide content 500 and 10 ppm and initial size of inclusions. The observation of 
the plot of Y2O3 particles reduction in particular size groups reveals that it has the same tendency to 
agglomerate as Al2O3. The presented examples of calculation for inclusions of initial radius 1µm prove that the 
increase though collision is very difficult and requires much time.   

1.2.4.  Calculations for Y2O3 particle of initial radius r = 1 and 25 (µm) and oxygen content in steel 10 ppm: 

 

Figure 7 Results of calculations for a particle of initial radius r = 1 µm and 10 ppm [O] 

 

Figure 8 Results of calculations for a particle of initial radius r = 25 µm and 10 ppm [O] 
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1.2.5. Calculation for a particle consisting of Al2O3 and Y2O3 of initial radius r = 1 and 25 [µm] and oxygen 
content in steel 500 ppm: 

 

Figure 9 Results of calculations for a particle of initial radius r = 1 µm and 500 ppm [O] 

 

Figure 10 Results of calculations for a particle of initial radius r = 25 µm and 500 ppm [O] 

The presented plots (Figures 7 - 10) refer to the simulation of the growth of inclusions through collisions 
between particles of different chemical composition. Analogous to previous cases, a time scale was assumed 
(dimensionless time t*). Unlike variants 1.2.1 - 1.2.4, the agglomeration was analyzed for a system of collisions 
taking place between Al2O3 and Y2O3 particles. In the case of inclusions of bigger initial radius, agglomeration 
takes place much faster, especially for particles of initial radius 1 and 25 µm. For particles of radius 1 µm the 
agglomeration is hindered and the course is analogous to that of pure Al2O3 and Y2O3. 

1.2.6. Calculations for a particle composed of Al2O3 and Y2O3 of initial radius r = 1 and 25 (µm) and oxygen 
content in steel 10 ppm: 

 
Figure 11 Results of calculations for a particle of initial radius r = 1 µm and 10 ppm [O] 
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Figure 12 Results of calculations for a particle of initial radius r = 25 µm and 10 ppm [O] 

The last series of calculations made for double oxides generated through the collision of inclusions obtained 
by the removal of oxide of initial content 10 ppm. The agglomeration plots (Figures 11, 12) have an analogous 
increase tendency and vanishing of inclusions in particular size groups as in the previous case. Similar to 
previous simulations, the agglomeration of inclusions of very small initial radius 1 µm is very difficult, therefore 
in the case of very fine precipitates diffusion should be considered. The differences in the agglomeration plots 
stem from the assumed initial value of N0 for double oxides. 

2. CONCLUSION 

The results of simulations show the dynamics of removal of nonmetallic inclusions in a bath through turbulent 
collisions at a given mixing energy. Varying rates of bath mixing and initial size of particles are analyzed in the 
applied calculation method. The model accounts for particles removal from a given group through collisions of 
particles of the same group or lower group or all higher groups. This task can be handled by solving the 
population balance equation. The agglomeration was observed to proceed much faster for particles of bigger 
radius and higher mixing energies. In the case of bigger inclusions their fast agglomeration is associated with 
a higher probability that bigger particles will collide.  

The presented plots do not show the whole mechanism of their removal, though they show the dynamics of 
the process. It was observed that after a given time there is always 1 % of particles representing each of the 
groups. Their removal is much more time-consuming because of the lower probability that they will collide. The 
presented results present the differences in the agglomeration of inclusions through turbulent collisions; the 
calculation procedure does not account for other possible phenomena which can be encountered during 
refining and which lead to the removal of precipitates from steel. The obtained results are analogous to the 
results obtained in previous experiments carried out by various scientists, i.e [11]. It is important to note, that 
however model helps to understand effect of oxides agglomeration it doesn’t take under account all the 
spectrum of phenomena that took place at liquid steel.   
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Abstract  

Production of crude steel with the help of oxygen processes will produce, according to forecasts also in the 
future, large portion of the world-wide steel production. In the connection with this fact the blowing systems 
are being further developed and improved both in case of oxygen converters, hearth furnaces and in case of 
electric furnaces or their combinations. These systems, for example, serve both for blowing of refining oxygen 
on the bath surface or into the melt and for blowing of additional combustion oxygen or blowing of the gas 
mixture with powdered substances. This paper deals with the main design characteristics of the lances for 
blowing of refining oxygen on the melt surface. These design characteristics help designers and engineers to 
design systems that meet the high demands on quality, efficiency and operational reliability. 

Keywords: Oxygen blowing, oxygen converters, hearth furnace, tuyeres for oxygen blowing, steelmaking 

1. INTRODUCTION 

At the projection of blowing systems and at the constructional solution of single lances and nozzles itself there 
is necessary to respect certain criteria the deduction of which follows, on the one hand, from laws valid for 
fluids flowing with the considering the thermal energy supply into the flowing medium and effect of medium 
friction on the walls of flow tube, on the other hand, from long-term experience and knowledge gained in this 
branch [1]. It is necessary that these lances and nozzles designs also respect the requirements on the lances 
and nozzles service life, and, in this connection on production aggregate service life as well. 

2. OXYGEN MASS FLOW RATE AND TOTAL PRESSURE 

For blowing of fining oxygen the so called multistrand tuyeres are developed with convergently-divergent shape 
of nozzles the number of which depends on oxygen blowing intensity [2], [3]. 

For determination of oxygen mass flow rate for oxygen converter derived regression dependency wchich is 
expressed as a function of the maximum value of the oxygen mass flow rate Qm-max (kg·s-1 ) to the weight of 
the melt Gtav (t) is used in following shape  

             (1) 

Above equation was derived from the parameters of operated oxygen converters. For hearth (tandem furnace) 
relation listed below is recommended 

              (2) 

Graphic representation of relations (1) and (2) is in Figure 1.  

Value of the oxygen stagnation pressure before the nozzle po (MPa) is another characteristic which is one of 
the determining parameters of the flow momentum values and also of blown oxygen concentration.  

For converter operation following relation was established 

               (3) 

996.0
max 0731.0 tavm GQ 

208.1
max 0086.0 tavm GQ 

104.0
0 6755.0 tavGp 
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For hearth furnace an analogous relation is valid 

                (4) 

Graphic representation of relations (3) and (4) is in Figure 2. 

 
Figure 1 Functional dependence Qm max= f(Gtav) 

 
Figure 2 Functional dependence po= f(Gtav) 

Convergent-divergent nozzles with the neck of a cylindrical shape are the most commonly used. Diameter of 
the cylindrical shape neck together with nozzle outlet diameter are other important characteristics. 

Important thing is that in design flow mode of oxygen through the nozzle and considered one-dimensional 
isentropic flow of ideal gas without considering flowing losses so called flow critical state occurs in the throat. 
Throat diameter is then nozzle critical diameter dkr. Value of critical diameter dkr (m) is calculated from known 
values of stagnation pressure p0 (MPa) and stagnation temperature T0 (K) at corresponding oxygen mass flow 
(Qm max) and at selected number of nozzles in tuyere n (-) according relation 

         (5) 
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3. NOZZLE GEOMETRIC PARAMETERS 

Among the number of nozzles in the tuyere n, the diameter dkr and melt weight Gtav following relationship is 
valid 

          (6) 

Graphic representation of relations (6) is in Figure 3. 

 
Figure 3 Functional dependence dkr= f(Gtav) 

An important characteristic of the oxygen nozzle is the ratio of the output and critical cross-section (Sv and Skr) 
expressed depending on the ratio of the stagnation pressure in front of output cross-section of the nozzle pok 
(surrounding environment pressure) and stagnation pressure in front of the nozzle po. For convergent-
divergent nozzle in design mode, condition pok = pv is valid, where pv is the static pressure in the output cross-
section. Then following relation is valid 

         (7) 

This function is graphically shown in the Figures 4 and 5 

 
Figure 4 Functional dependence Sv / Skr= f(po, pok=0.101325 MPa) 
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Figure 5 Functional dependence Sv / Skr = f(pok / po) 

Dependence dv = f (Gtav, n) for the converter and hearth furnace is shown In Figures 6 and 7.  

 
Figure 6 Functional dependence dv = f(Gtav, n) for hearth furnace 

 
Figure 7 Functional dependence dv = f(Gtav, n) for oxygen converter 
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4. FORCE EFFECTS OF THE OUTPUT FLOW  

We can determine the value of the output cross-section Sv and total flow impulse Ip (N) from equation (7). Flow 
impulse Ip expresses the force of the outlet flow acting on the melt bath. 

Ratio of Ip to the flow output pressure force in the critical cross-section of fthe nozzle expressed by the product 
of stagnation pressure po (Pa) and neck area Skr (m2) is another characteristic of the refining blowing system 
and it is called force effect coefficient CF (-).  

Then            (8) 

Force effect coefficient CFmax corresponds to the maximum value of the acting force. In case when CFmax = CF 
acting force value is maximal. With the growth of pok / po

 
and Mach number M the flow force effect decreases. 

With the pok growth the intensity of pressure waves in the outlet increases, thus leading to decrease the ratio 
CF / CFmax and therefore to reduction force effect on the melt bath. 

All these parameters depend on the flow momentum Hpi (N), on the nozzle angle inclination to the longitudinal 
axis of the lance  and on distance of the nozzle from the bath h (m). For dependence L / h = f (HpB) and 
HpB=f(Hpi, α, g, ρtav, h), the following regression functions are valid 

           (9) 

   
        (10) 

Band of function validity is balanced by the specified limits. Similarly, it is possible to determine the relationship 
between diameter of the reaction region D (m), and the position of the nozzle h on dimensionless flow 
momentum HpB' which is given by the equation 

  
         (11) 

while          (12) 

Depth of penetration of the flow into the bath L (m) and diameter of the reaction zone D characterize effect of 
outlet flow to the melting bath. The ratio L / D

 
is so-called flow penetrability P. Flow penetrability essentially 

means its ability to penetrate to the molten bath. Its value is particularly affected by the bath distance from the 
nozzle h, stagnation pressure in the nozzle po, the number of nozzles n, their shape, dimensions and 
inclination angle . 

Values of L, D and P, from the above characteristics, may be assembled during the blowing, because pok, h, 
tav, po are changing and dv and  are given by nozzle design, and they are therefore constant. Operating 
mode of blowing or the most appropriate shape of the nozzle is designed using the analysis and evaluation of 
the calculated values. 

The values determined using the above formulas are used also in the design of the working space of the 
furnace (reactor). 
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5. CONCLUSION 

Quality of blowing systems for high-temperature reactors for metal production and processing is a necessary 
prerequisite for quality and continuous production. Utility properties of blowing systems depends, among other 
things, especially on high-quality design of their construction. Selected main design characteristics that were 
mentioned in the submitted contribution help designers and engineers to design systems that meet the high 
demands on quality, efficiency and operational reliability. 
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Abstract 

Steel has never ceased to be the most important structural material. Steel and cast steel account for more 
than 92% of total consumption of metals. Unfortunately, this sector generates massive amounts of waste, 
including iron-bearing types. Substances referred to as waste are subject to rigorous legal regulations the 
purpose of which is to protect human health and natural environment. Restricting waste generation and utilising 
the waste already produced are the most fundamental principles of rational use of natural and anthropogenic 
resources. More and more of metallurgical waste is reclaimed, yet part of it is stored. This paper presents the 
results of research on waste containing iron (dust, mill scale, sludge) in terms of their environmental impact 
when stored, the results of the assessment of the quality of water extracts in relation to the legal requirements 
for the introduction of sewage into waters or to land. 

Keywords: Metallurgical industry, environment, waste containing iron 

1. INTRODUCTION  

The increasing environmental pollution is observed along with the world population growth and the 
development of the industry. The development of cities, business activity and industrial centres results in 
emission of more and more harmful substances into the environment. The emissions and industrial waste 
make the greatest contribution to the pollution. The metallurgy industry is a branch (along with mining and 
power industry) that generates great amounts of waste. Some part of this waste is stored. The article presents 
the research results of metallurgical waste containing iron (dusts, sludges, mill-scale) from the point of view of 
their environmental impact if they are being stored.  

2. WASTE MANAGEMENT 

In line with the European Union requirements, the term waste is used in reference to any substance or object 
which the holder (producer) discards or intends or is required to discard [1]. In the metallurgical industry, waste 
is dust, sludge, mill scale, slag and ceramic debris. Steel slags, furnace slags and ceramic debris are used in 
road construction in the country. The waste like dusts, sludges and mill-scale contain iron which may prove 
cost-effective to recover if its content is sufficient and the appropriate technology is applied [2]. The 
metallurgical dusts (EAFDs), for example, may be used in production of clinker, building materials, domestic 
and decorative glassware. The waste which proves to be uneconomical to recycle is stored - which does not 
mean that such stored waste is not harmful to the environment. Waste storage is not positive from the point of 
view of environmental protection. 

The waste storage is understood as a temporary storage or accumulation of waste before its transport, 
recovery or disposal. The storage is time-limited. The time limit of this operation means that the phase of waste 
management should be transitional, preceding the final waste management (recovery or neutralisation) [1]. 
The storage may be only performed on the territory which the waste possessor is legally entitled to.  

The water extracts research from the point of view of meeting the requirements included in the Regulation of 
the Minister of Environment of 18 November 2014 regarding the required requirements that have to be met for 
the sewage disposal into water or ground, and regarding the substances particularly harmful for water 
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enviroment [3] should answer whether the waste storage is safe for the environment, or - out of concern for 
our health - should we maximally reduce the waste storage time.  

3. RESULTS AND DISCUSSION 

The research concerned metallurgical sites wastes, containing iron and occurring as dusts, sludges and  mill-
scale. The research of chemical composition of this waste and water extracts prepared on its base was carried 
oud. 

There were examined three samples of dusts (the dust of the dedusting of electric arc furnace in a steel plant 
and in a foundry - D1, D2 - and the dust from the moulding compound - D3), three samples of sludge (the 
sludge from the blast machine - S1, the sludge from the steel mixer - S2 and the sludge from the current 
production of the converter steelmaking plant - S3) and three samples of mill-scale iron from different steelwork 
plants - M1-M3. Prior to the examination, the samples were dried.  

In order to obtain the accurate results of the chemical composition analysis, three samples of ~0,1 g were 
collected from the material of each sample, analysed, and subsequently the medium value and the standard 
deviation of the elements concentration in these samples were determined. Analysis of chemical composition 
was performed by means of: 

 carbon and sulfur analyzer LECO CS 844; 
 oxygen analyzer LECO ONH 836; 
 a scanning electron microscope Hitachi S-3400N equipped with EDS detector Scientific Thermo Noran 

System 7, and WDS MagnaRay. 

The results of the quantitative analysis of the chemical composition in the examined samples are presented in 
the Table 1, and the water content in the examined samples (before drying) are presented in the Figure 1.  

Table 1 Results of quantitative analysis of the chemical composition of the examined waste 

Element D1 D2 D3 S1 S2 S3 M1 M2 M3 

C 2.42 2.64 14.37 1.18 1.88 3.66 0.27 0.25 0.14 

O 17.63 39.17 20.33 37.17 16.80 16.57 12.30 11.30 11.50 

Mg 0.80 0.43 1.67 0.67 0.17 0.73 0.30 - - 

Al 0.50 1.63 7.43 6.03 0.77 0.50 0.40 0.20 0.17 

Si 1.50 28.33 28.83 17.67 8.90 2.30 1.60 1.10 1.03 

S 1.0 - 0.43 0.30 0.50 0.87 - - - 

Ca 5.20 0.53 17.57 0.33 0.73 4.20 1.03 0.10 0.57 

Mn 4.37 0.47 0.23 0.57 0.60 3.90 1.73 1.03 1.47 

Fe 44.77 26.40 7.83 24.13 67.57 38.50 81.67 85.10 83.67 

Zn 18.63 - - - 0.4 22.20 - - 0.50 

Cr 0.37 - - 10.77 0.23 0.90 0.27 0.13 0.30 

Cu 0.30 - - - 0.73 0.40 0.33 0.53 0.60 

K 2.4 0.13 0.9 0.43 0.1 3.3 - - - 

The research material was glued to the titanium pads, in result this element was excluded from the results of 
the quantitative x-ray microanalysis (the area of the excitation is so wide, that apart from the examined material 
it includes also the pads the material was attached to). 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

184 

According to the national law, implementing the directives of the European Union, as the hazardous wastes 
may be classified the wastes containing, among other things; vanadium. chromium, nickel, copper, zinc, 
arsenic, tin, barium and mercury compounds. Almost all examined materials contain at least one of the listed 
compounds, which may result in perceiving them as hazardous wastes - except the dust from the cast iron and 
cast steel foundry and the dust from the moulding compound. 

The results of the quantitative analysis of the chemical composition indicate that the wastes like mill-scale iron, 
due to the over 80% of iron content, should be completely managed as a precious secondary raw material in 
steel production processes.  

 
Figure 1 Water content of the iron-containing waste tested 

The examined waste materials should be, first of all, recycled [1]. The chosen technology of reprocessing the 
waste materials should take water content into account.  

In many technologies, the first stage is to dry the waste - the higher water content is, the greater costs of 
reprocessing are. Among the examined waste materials the dust from the moulding compound (D3) is 
characterised by high content of water (over 60%) and at the same time small content of iron - the basic 
components of this waste are calcium and silicon oxides. Due to the unprofitability of reprocessing such 
materials it is possible that they will be stored. In that case, the knowledge about the safety to the natural 
environment (first of all to the water resources) of this waste is necessary. The assessment of water extracts 
from the examined materials was carried out from the point of view of meeting the requirements listed in the 
Regulation of the Minister of Environment of 18 November 2014 regarding the required requirements that have 
to be met for the sewage disposal into water or ground, and regarding the substances particularly harmful for 
water enviroment [3] - the permissible value concerning the so-called other types of sewage was adopted. All 
the waste types subject to testing contained at least one of the foregoing compounds, which may be decisive 
of their classification as hazardous waste. Water extracts of these waste sorts were tested for determination 
of arsenic, barium, cadmium, chromium, copper, molybdenum, nickel, lead, antimony, zinc, mercury, selenium, 
bromide, chloride, fluoride, sulphate, total and dissolved organic carbon, total dissolved solids and alkalinity. 
The results thus obtained were compared with the highest permissible levels of pollutants which may be 
discharged into aquatic environment (Table 2). Domestic legal regulations are implementing the relevant 
European Union directives [4]. The relevant tests were conducted at a laboratory certified by the Polish Centre 
for Accreditation (AB 213) for sampling and testing of waste specimens.  
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Table 2 Values of contamination ratios for substances classified as particularly harmful to aquatic  
  environment based on tests of water extracts of the waste types studied (values obtained for  
  industrial waste, mg /L) 

Pollution 
Results The 

highest 
limit D1 D2 D3 S1 S2 S3 M1 M2 M3 

Arsenic 0.015 <0.0010 0.0047 <0.0010 0.12 <0.0010 0.0021 0.0053 0.0031 0.1 

Barium 0.070 0.090 0.0717 0.011 0.107 0.724 0.0127 0.0089 0.0021 2 

Cadmium <0.001 <0.0005 <0.0005 <0.0005 0.006 <0.00050 <0.0005 <0.0005 <0.0005 0.4 

Chromium 
total 0.006 <0.003 <0.003 <0.003 0.0399 3.34 0.0077 <0.003 0.0086 0.5 

Copper <0.005 0.0188 0.0244 <0.004 1.38 <0.0040 0.184 0.0489 0.0105 0.5 

Mercury <0.0005 <0.0005 <0.0005 <0.0005 0.0006 0.004 <0.0005 0.005 <0.0005 0.06 

Molybd. 0.021 0.0238 0.0151 0.146 0.149 7.84 0.0233 0.151 0.0459 1 

Nickel 0.0071 <0.004 0.0124 0.0047 0.547 <0.0040 0.0158 0.0357 0.0339 0.5 

Lead 1.387 <0.010 0.0176 <0.010 0.0888 5.71 0.0101 <0.010 <0.010 0.5 

Antimony <0.050 <0.050 <0.050 <0.050 <0.050 <0.050 <0.050 <0.050 <0.050 0.3 

Selenium <0.001 <0.001 <0.001 <0.001 <0.001 0.031 <0.001 <0.001 <0.001 1 

Zinc 0.154 0.135 0.102 0.0266 0.625 6.29 0.108 0.037 0.0413 2 

Chloride 8.7 3.50 12.0 2.6 <2.0 2360 <2.0 <2.0 4.2 1000 

Fluoride 0.81 0.98 0.51 3.3 0.24 21 0.61 0.17 0.19 25 

Sulfate 7.7 4.40 48.0 54.0 44.0 1480 3.4 3.5 8.6 500 

Dissolved 
organic 
carbon  

19 16.8 48.2 4.29 21.5 60.1 9.09 3.21 4.94 30 

pH 12.4 9.3 8.9 7.8 7.8 12.3 8.3 7.8 8.0 6.5-9.0 

The values which exceed the highest permissible contamination ratios have been marked in bold. 

 
Figure 2 Exceeded limits of the content of elements in the examined waste 
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In the Figure 2 the wastes are listed that present the exceedance of the highest permissible contents of 
elements. In the water extract from the dust of the EAF dedusting of steel plant the permissible lead content 
was exceeded, in the water extract of sludge from the steel mixer the permissible arsenic, copper and nickel 
contents were exceeded. In the sludge from the current production of the converter steelmaking plant the 
permissible contents of chromium, lead and zinc are exceeded. 

In accordance with the applicable European Union requirements [4], substances classified as particularly 
harmful to aquatic environment and causing pollution of waters have been divided into two categories: 
substances which should be eliminated and substances the generation of which should be restricted. The 
substances to be eliminated among the water extracts of the waste types analysed are mercury and its 
compounds. None of the waste materials tested exceeded the permissible content of mercury or its compounds 
in water extracts. 

Based on the contamination ratios obtained from the tests of water extracts of the waste types studied, it was 
established that (Table 2): 

 water extracts of all waste types studied did not contain substances considered as particularly harmful 
to aquatic environment and causing contamination of water, which should be eliminated; the mercury 
content in the extracts tested was also below the permissible threshold which is 0.06 mg / L; 

 in all water extracts of each examined mill-scale and sludge from the blast machine there were noticed 
no substances particularly harmful to the water environment, causing water pollution that should be 
limited; 

 the permissible value of the contamination ratio for lead, being one of substances classified as 
particularly harmful to aquatic environment, the generation of which should be restricted, was found to 
be exceeded in water extract of the EAF dust from steelworks (D1). No contamination ratio was found 
to be exceeded in the water extract of the EAF dust from the foundry (D2), considering the substances 
regarded as particularly harmful to aquatic environment. Chemical composition of EAFD depends on 
the chemical composition of the scrap feedstock used; 

 in the water extract of the moulding sand dust (S2) subject to testing, the limit value was exceeded for 
dissolved organic carbon, being a substance causing contamination of waters, the generation of which 
should be restricted; 

 in the water extract of the steelmaking agitator sludge (S1), the permissible limit values were found to 
be exceeded for copper and nickel, being substances causing contamination of waters, the generation 
of which should be restricted. 

CONCLUSIONS 

The waste generated in production processes provided that they could not be prevented or recycled, must be 
landfilled in a manner which does not pose a threat to natural environment. What is required in the first instance 
is defining whether the given waste is hazardous. In this respect, considerable aid is provided by the list of 
waste types referred to in article 7 of Directive 2008/98/EC [5], since all waste types marked with asterisk (*) 
in the list are considered hazardous. According to the said list, the hazardous waste generated in the iron and 
steel industry include: 

 solid wastes from gas treatment containing hazardous substances (code 10 02 07*); 
 wastes from cooling-water treatment containing oil (code 10 02 11*); 
 sludges and filter cakes from gas treatment containing hazardous substances (code 10 02 13*). 

Bearing in mind the aforementioned guidelines, among the waste sorts from regular production tested in the 
study addressed in the paper, the hazardous waste is the electric arc furnace dust (D1 - 10 02 07*), as it 
contains chromium. Tests of the water extract of this waste imply that it is necessary to restrict the generation 
of lead and decrease pH, both being factors considered particularly harmful to aquatic environment.  
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According to the foregoing classification, the remaining regularly produced waste types tested are not classified 
as hazardous waste, however, on account of their content of zinc (agitator sludge S2 and sludge from the blast 
furnace S3), chromium (fettling sludge S1, agitator sludge S2 and sludge from the blast furnace S3, scale M1 
and M2), nickel (agitator sludge S1), vanadium (fettling sludge S2) and copper (agitator sludge S1, scale M1, 
M2 and M3), they may be considered hazardous waste.  

On account of the iron content exceeding 80%, waste types such as M1 and M2 (scale) should be subject to 
iron reclamation processes instead of being landfilled. 

The examined metallurgical wastes containing iron, except the mill-scale waste, affect the environment 
negatively, mainly due to the disposal into water or ground the harmful elements or compounds. The activity 
of the metallurgical industry, besides production, should focus on the technologies of generated waste 
management.  
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Abstract  

The most important tasks of secondary metallurgy are to accelerate the course of steel production processes 
and to improve its quality, at the same time limiting the amount of work, energy and sources. The basic and 
popularly applied treatment of secondary metallurgy is blowing the liquid steel in the ladle by inert gases. The 
introduction of gas into the liquid steel can be realized by differently constructed porous plugs installed in 
bottom of the ladle. Because there is aggressive character of the working conditions thus these plugs should 
be thermally and mechanically resistant, have appropriate permeability, and be able to create required amount 
of gas bubbles and their dispersion in the whole volume of liquid steel. Today in industry three kinds of porous 
plugs are used differing with construction: plugs with porous segment, crevice type and hybrid plugs.  

Article presents the results of modelling research conducted with using the model of ladle with possibilities of 
blowing the metal bath. Research was carried out for four different types of porous plugs: two plugs crevice 
types with different crevice placing, plugs with porous segment and hybrid plug (crevices plus porous 
segment). The results of research was obtained in the form of visualization of gas bubbles creation, mechanism 
of gas bubbles cone creation (gaseous column) and determination of time and way of mixing the modelling 
liquid in the dependence on the applied type of plug. 

Keywords: Porous plug, ladle, physical modeling 

1. INTRODUCTION 

The major advantage of applying the steel secondary metallurgy is to optimize the usage of primary 
metallurgical reactors for smelting the steel (oxygen converterr and electric arc furnace), as well as, efficient 
and effective treatment of the molten steel - in terms of their metallurgical purity, chemical composition 
and temperature. Basic and commonly used secondary metallurgical process is purging the liquid steel with 
inert gases, which main aims: 

 to bring uniform temperature and chemical composition, 
 to improve the fluidity of molten steel, which at the time of decreasing the casting temperature creates 

more favourable conditions for its solidification, 
 to reduce oxygen, hydrogen and nitrogen in the steel content, 
 to reduce the content of oxide and non-metallic sulphide inclusions; moreover, the surplus of refining 

processes favouring the reduction of macro-inclusions in metal was also found [1-4]. 

The introduction of gas into liquid steel is accomplished by an appropriate gas permeable plug design installed 
in the bottom of the steel ladle. Gas permeable plugs are porous ceramic elements demonstrating -from one 
side - the capability of transporting inert gas into the liquid steel, and on the other side, they form a barrier 
preventing from flowing out of the ladle. Due to the nature of the performed works and environmental 
conditions, it is expected that plugs will indicate high thermal and mechanical strength, proper gas permeability 
and capacity to produce large quantities of gas bubbles. In terms of technological processes, it become crucial 
to obtain the optimum diameter of gas bubbles, their quantity and flow rate. These parameters are decisive for 
effectiveness of the performed purging process. Regarding design types, plugs can be divided into three 
groups: porous plugs, crevice-type / slotted-type plugs (with directed porosity) and Hybrid plugs [5-7]. 
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Porous plugs (with porous gas-permeable segment) are constructed of a variety of materials, such 
as magnesite, porcelainite, chamotte and corundum, having the porosity of approx. 25-40 %. Pore radius 
for this type of plugs depends on the fraction size being used for their manufacturing. The dimension and type 
of the applied fraction also affects the number of open pores through which the gas passes into the liquid metal 
and additionally impacts very crucial - in terms of technology - parameters, such as the diameter of bubbles 
being formed, their amount and velocity received when flowing out of the plug.  

Crevice-type plugs (with directed porosity) are built of many slots with various cross-sections and locations, 
being immersed in a refractory material. In the case of these elements, gases flowing into the liquid steel (e.g. 
the swirl movement for plugs with spiral slots), can be controlled via adequate placement of slots. 

Hybrid plugs are constructed of various cross-section and location slots with additionally mounted porous gas-
permeable segment. These plugs are used at high concentrations of gases [8-10].  

There is necessity to know the physical phenomena occurring during the conducted process during the design 
or building of new equipments used in industrial technologies as well as in modernization works of existing 
technologies. Very often such knowledge obtained on the theoretical analysis of the studied phenomena is not 
sufficient. Therefore, information carried out on the experimental way (physical and numerical modelling) has 
become more and more important, especially it is essential in metallurgical units [11-16]. 

2. RESEARCH METHODOLOGY 

The research study was conducted by using a physical water model of steel ladle. The model is based 
on a linear scale SL= 0.84, in accordance with requirements stated in the dynamic and kinematic similarity 
theory; it also satisfies the geometric similarity condition [11, 17]. The model scale close to SL = 1 enables 
industrial gas permeability plugs to be installed inside it. Design of the model allows for installation of various 
types of gas permeable plugs. The plug is placed on 2/3 of radius from the ladle axis. At the test stand 
was installed additional flowmeter equipped with gas flow regulation system and a device for precise 
administration of marker in the gas steam. Figure 1 shows the scheme of the test stand [11]. 

Research was carried out for four different 
types of porous plugs: two plugs crevice types 
with different crevice placing, plugs with 
porous segment and hybrid plug (crevices type 
plus porous segment) (Table 1). There were 
calculated dynamic similarity conditions of gas 
flow in the model according to the real 
conditions based on modified Froude’s 
criterion expressed by the relation  
[11, 18 - 20]: 

 
(1) 

where: Q' (m3s-1) is volumetric stream of gas flow for the water model, Q (m3s-1) is volumetric stream of gas 
flow for the industrial reactor, c' is constant for the water model, c is constant for the industrial reactor, SL is 
linear scale. 

The volumetric gas flow values for real and model conditions (considering the linear scale of the model 
SL = 0.84) are indicated in Table 2. 
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Figure 1 Scheme of the test stand 
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Table 1 Types of porous plug accepted for research  
 Porous plug 

A B C D 

Schematic, 
dimensions 

    

Description 
Porous plug crevice 
type, the number of 

crevices - 12. 

Porous plug crevice 
type Porous segment 

Hybrid plug (crevice plus 
porous segment), the 

number of crevices - 4. 

Table 2 Volumetric flow rates accepted for testing 

 Volumetric flow rate (Nm3h-1) 

Model (SL = 0.84) - air 2 3 4 5 6 7 8 9 10 

Industry - argon 8.2 12.3 16.4 20.4 24.5 28.6 32.7 36.8 40.9 

Experiments in the physical model of steel ladle were carried out after the required gas permeable plug 
was installed. The steel ladle model was filled with model liquid (water) and then the gas (air) stream, being 
determined on the basis of probability theory, was passed through the plug. In the research experiments, 
in which it was required to apply a marker as aqueous solution of KMnO4, it was introduced by injection 
into the gas stream from a tank especially designed for this purpose. 

3. RESEARCH RESULTS 

The results of research was obtained in the form of visualization of gas bubbles creation, mechanism of gas 
bubbles cone creation (gaseous column) and determination of time and way of mixing the modelling liquid in 
the dependence on the applied type of plug. 

3.1. Visualization of gas bubble formation 

Exemplary test results are demonstrated in Figure 2a. On the basis of the obtained results of research tests, 
there can be observed significant variations in the manner of gas bubble formation in the volumetric stream of 
the model liquid, which depend on the type of gas permeable plug being applied. Whereas, in both cases 
of crevice-type plugs (variants A and B), there was observed a formation of large gas bubbles flowing out 
in a relatively uniform manner- from particular crevices, despite the increase in the volumetric stream 
of the gas flow; then in the case of a plug made of porous material (variant C), despite larger fragmentation of 
gas bubbles, the tendency of outflow disorders were observed. They involve accumulation of bubbles at the 
plug’s surface and their further taking off in the form of clusters. This influences the pulsating outflow. 
This trend grows with an increase of the volumetric stream of the gas flow through the plug. This type 
of disturbances were not found in the case of blowing the bath through the Hybrid plug (variant D). In this 
variant, there was observed formation of relatively fine gas bubbles uniformly flowing out in the direction of the 
bath’s surface. 

3.2. Visualization of the mechanism of gaseous column formation 

Selected research results are shown in Figure 2b. On the basis of the performed observations, it was stated 
that in the case of applying crevice-type plugs (variants A and B), the cone of gas bubbles, which is formed 
gradually, covers greater volume of the model liquid than in the case of using porous and Hybrid plugs (Variants 
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C and D). This is caused by variables being present in the nature of gas dispersion in the volume of the model 
liquid. For crevice-type plugs large gas bubbles are formed, which grow - due to pressure drop occurring 
in the model liquid on their outflow path - and finally form a cone with a large opening angle. In the case 
of bubbles being formed due to the gas flowing through porous and Hybrid plugs, the angle is smaller because 
their diameter is lower in the moment of flowing out of the plug and smaller expansion during their outflow. 
However, it should be noted that for variant B, the bubble cone demonstrates the trend of rotational movement, 
which is the consequence of slots’ formation in this type of plug. 

As the volumetric stream of the gas flowing through gas permeable plugs increases, an expected increase 
in waving of the model liquid surface was observed. At the same time, the formation of small bubbles beneath 
the surface of the liquid was found, which travels due to circulation of the model liquid (initially, towards walls 
of the ladle model, and then towards the bottom). The amount and depth of the bubbles’ propagation into the 
depth of the steel ladle was increased, as the volumetric steam of the gas increases. As this phenomenon was 
observed by applying all types of gas permeable plugs, so for the Hybrid plug this phenomenon is more 
complex. 

At high gas flow rates (exceeding 7 m3 / h), the problem occurring for all types of plugs is a very intense waving 
of the model liquid surface, which together with the trend for pulsed outflow of gas bubbles (as described 
above) favours formation of model liquid discharges from the model of steel ladle. It should be noted, however, 
that when applying the Hybrid plug, the pulsation phenomenon is much lower than in the other cases. 

a) b) 

Figure 2 a) Formation of gas bubbles regarding the type of plug; b) Formation of gas column  
depending on the type of plug 

3.3. Visualization of propagation of the model liquid in steel tundish model 

Selected research results are presented in Figure 3. As a result of observations on propagation of the model 
liquid through the steel ladle model volume performed for the analysed gas permeability plugs, any 
disturbances in this process were observed, which differed from those being assumed. Circulation in the model 
liquid proceeded according to the generally known manner, as it was described in previous studies published 
in literature on this subject matter [2-4]. However, a crucial parameter of this process is the minimum time 
required for total propagation. Criterion adopted for estimating the value of this parameter was homogenization 
of the model liquid in terms of its colour in the entire volume of the steel ladle model. As it was expected, the 
minimum time required for total propagation was decreased as the volumetric pressure of gas stream 
increases in plugs. However, it was found that shortening the propagation time to minimum is very negligible 
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- in terms of the entire scope of the tested flow rates. Thus, by increasing the volumetric gas stream from 3 
m3 / h to 10 m3 / h, the total propagation time decreased explicitly by approx. 12 %. By assuming that the value 
of the total time needed for propagation of the marker into the bath is a determinant for performance efficiency 
of the tested gas permeable plugs, it should be stated that the highest efficiency indicates Hybrid plug, when 
compared with porous and crevice-type plugs. 

 
Figure 3 Visualization of propagation depending on plug type 

4. CONCLUSION 

Analysis of the model test results allows for drawing the following conclusions: 

1) The design of gas permeable plugs significantly impacts such parameters of the argon blowing process 
as size and quantity of gas bubbles, the method of their dispersion in the bath and the efficiency of 
propagation. 

2) By considering the optimal inert gas consumption, it is justified to differentiate the value of gas stream 
flowing through plugs in accordance to their designs. By applying Hybrid plugs, it is possible to reduce 
gas consumption, when comparing to other types of plugs. 

3) Indication of optimal design of the plug for argon blowing is related with the need to take their price value 
into account. Application of very efficient, however, at the same time also very expensive Hybrid plugs 
is justified for melting high quality steels. In the case of processing other grades of steel, it is more 
favourable to use slotted plugs (crevice-type plugs) or plugs with porous core. 
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Abstract 

The article presents the results of research of iron content (II) and iron (III) in post-production wastes such as 
dusts from steel, cast and casting cleaning processes made from iron alloys. The total content of iron was 
marked by the absorptive atomic spectroscopy, however the analysis of Fe content (II) and Fe (III) was carried 
out with the spectroscopy methods. The gained results indicate between 40-90 % of total content of iron in the 
analysed samples. It was proved that the content of Fe (II) in the analysed samples amounts to 2-70 % while 
the content of iron (III) 5-28 %. 

Keywords: Waste, dusts, steel industry 

1. INTRODUCTION  

The substances described as „waste” are subject to rigorous regulations which aim is to protect human health 
and environment. The limitation of waste production and management over already produced waste is a basic 
principle of rational usage of natural and anthropogenic resources [1,2]. 

The iron and steel industry (along with mining and energy industries) is a branch that produces the biggest 
amounts of waste, such as: 

 sintering dusts produced during the production of sinter, 
 dusts produced during dry dedusting of electric arc furnaces, 
 dusts produced during cast steel and cast iron cleaning. 

According to the current law regulations, the possessor of waste is first of all obliged to prevent waste creation 
and then to secure the reusage of waste which creation was impossible to avoid.  

The main factors deciding on the choice of waste management technology are not only economical aspects 
but also the exact knowledge of the chemical composition of the waste products. One of the processes that 
may be applied is a direct reduction of ferric oxides which results in sponge iron. The possibility of direct 
reduction application and its results evaluation requires the knowledge of iron (II) and iron (III) content in the 
substrate [3-5]. 

2. RESEARCH MATERIAL 

The research material consisted of seven types of dusts collected in steelworks and foundries located in 
Poland. The choice of the material was justified by potentially high content of iron, qualifying the waste as 
useful for further process of iron recycling.  

The samples were marked as in the Table 1. The average chemical composition in the Table 2 was presented.  

The material for each sample was split up and analysed in order to investigate the chemical and phase 
composition using:  

 carbon and sulphur analyser LECO CS844, 
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 oxyge analyser LECO ONH836, 
 scanning mikroscope Hitachi S-3400N equipped with EDS Thermo Scientific Noran System 7 detector 

and WDS MagnaRay. 

Table 1 Research material 

Sample marking Dust type Production type 

A Dust from the cleaner Cast iron foundry 

B Dust from the cleaner Cast iron foundry 

C Dust from the cleaner Cast iron foundry 

D From dedusting Electric steelworks 

E Dust from the grinder Cast iron foundry 

F Dust from the cleaner Cast iron foundry 

G Dust from the grinder Cast iron foundry 

Table 2 Average chemical composition, % of mass 

Sample C O Al Si Ca Mn Fe Mg Cr Zr S K Cu Zn 

A 3.32 6.39 0.23 1.77 0.10 0.53 87.77 - - - - - - - 

B 4.17 3.68 1.87 3.23 0.47 0.37 86.00 0.07 0.07 - 0.07 0.10 - - 

C 0.46 6.92 1.00 2.47 0.13 1.37 86.40 0.17 1.07 - - - - - 

D 5.20 10.83 0.77 1.97 10.07 1.93 41.67 - 0.40 - 0.70 0.40 - 24.00 

E 2.91 2.22 1.47 2.83 0.07 0.50 89.57 - 0.07 0.23 - - - - 

F 0.99 10.53 0.91 16.82 0.17 0.63 68.73 0.12 0.27 0.37 0.18 0.14 0.07 - 

G 3.35 12.63 6.43 5.70 0.23 0.63 69.87 0.07 0.13 0.30 0.37 0.20 - 0.20 

3. FE (II) AND FE (III) CONTENT IN METALLURGICAL DUSTS RESEARCH 

Before the research was started, 2 g of each sample was weighted out, poured 2 times with 10 ml of 
concentrated HCl, heated to boiling, cooled, alternatively filtered to a graduated flask (of 50 ml capacity) and 
made up with a destilled water.   

3.1. Methodology  

Total content of iron  

The total content of iron was determined by means of redox titration consisting of oxidization the reduced iron 
ions (II) by KMnO4 solution and calculation of the content volume in the sample, and by the atomic absorption 
spectrometry (ASA) consisting of arousing the iron atoms in the flame of a burner and the absorbancy 
measurement according to the Lambert-Beer law.  

For the redox titration determination method, 5 ml from a previously prepared sample was collected and added 
to 40 ml of destilled water. The iron ions (III) were reduced to Fe2+ by SnCl2 and later HgCl2 solutions. The 
solution was titrated for research with the KMnO4 oxidizer of 0.0183 molar concentration (the titre was set as 
for oxalic acid weighed amount) in the environment of Reinhard-Zimmernan mixture (environment stabilizer). 

5 Fe2+ + MnO4- + H+  =  5 Fe3+ + Mn2+ + H2O                                                                                                  (1) 

For the atomic absorption spectrometry (ASA) determination method, 1ml from a previously prepared sample 
was collected in a graduated flask (of 50 ml capacity) and made up with distilled water. Subsequently, 0.5 ml 
of this solution was poured into the graduated flask (of 25 ml capacity) and made up with distilled water. The 
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samples were measured by the AAS 30 Carl Zeiss (Jena, Germany) which is characterised by the following 
parameters: electric current of the lamp for iron 8 mA, clearance 0.30 mm, measurement wavelenght Fe - 
248.3 nm. The absorbancy was read and the iron content was calculated from the calibration curve.  

Iron ions determination 

The iron ions were determined by means of the spectrophotometric method in reaction with thiocyanate ions - 
Fe (III) and in reaction with the bathophenanthroline solution - Fe (II). 

The iron ions (III) determination was performed in reaction with thiocyanate ions. The method consists of 
creation the colourful complex between iron ions (III) and thiocyanate ions in a suitable environment and 
absorbancy measurement at the wavelenght of the maximum absorption value of this complex. For 
determination, 1ml from a previously prepared sample was collected in a graduated flask (of 50 ml capacity) 
and made up with a distilled water. Subsequently, 0.5 ml of this solution was poured into a graduated flask (of 
25 ml capacity), added 5 ml of thiocyanate potassium solution, 5 ml of 2 molar solution of hydrochloric acid 
and made up to the line with distilled water. The measurement was performed with the HP 8452 A (Hewlett 
Packard) spectrophotometer at the wavelenght of = 476 nm. The contents were calculated by the absorption 
calibration curve from iron ions concentration (III) in complex with thiocyanates.  

The iron ions (II) determination was performed in reaction with bathophenanthroline solution. The method 
consists of creation the colourful complex between iron ions (II) and bathophenanthroline solution in a suitable 
environment and absorbancy measurement at the wavelenght of the maximum absorption value of this 
complex. For determination, 1ml from a previously prepared sample was collected in a graduated flask (of 50 
ml capacity) and made up with a distilled water. Subsequently, 1 ml of this solution was poured into a graduated 
flask (of 25 ml capacity), added 10 ml of bathophenanthroline solution, 5 ml of ethyl alcohol and made up to 
the line with distilled water. The measurement was performed with the HP 8452 A (Hewlett Packard) 
spectrophotometer at the wavelenght of = 534 nm. The contents were calculated by the absorption calibration 
curve from iron ions concentration (II) in complex with bathophenanthroline. 

3.2. Measurement results 

Titration 

The titration of samples turned out to be problematic. The sample D once it was discoloured (reduced) became 
instantly grey once the HgCl2 solution was added which made the further reaction impossible. The remaining 
samples were titrated and the results are presented in the Table 3.  

Table 3 Total content of iron - titration 

Number of sample Titranta (ml) Content (g) Content (%) 

A   27.9 0.143 69.2 

B   27.3 0.139 73.5 

C   38.6 0.199 82.1 

D   - - - 

E   33.4 0.171 81.8 

F   23.4 0.119 59.1 

G   28.5 0.146 68.1 

Total iron content determination by the AAS method 

The absorbancy of the samples was measured at the wavelenght of  = 248.3 nm and the iron content was 
calculated by the absorption calibration curve: y = ax + b, where a = 0.0245, b = 0.0093, r2 = 0.9958. The 
results are presented in the Table 4. 
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Table 4 Total content of iron - AAS method 

Sample number Content (g/ml) Content (g) Content in the mass (%) 

A  15.49 1.936 93.8 

B  14.17 1.771 93.0 

C  17.74 2.218 91.3 

D  7.00 0.876 42.9 

E  15.29 1.912 91.4 

F  11.10 1.388 68.5 

G  10.58 1.322 61.6 

Iron (III) ions content determination by the spectrophotometric method  

The absorbancy of the samples was measured at the wavelenght of = 476 nm and the iron (III) content was 
calculated by the absorption calibration curve: y = ax + b, where a = 0.145, b = 0.0025, r2 = 0.9998. The results 
are presented in the Table 5. 

Table 5 Iron (III) content determination - spectroscopic method - determination with SCN- ions  

Sample number Content (g/ml) Content (g) Content in the mass (%) 

A   3.72 0.465 22.5 

B   1.68 0.210 11.1 

C   1.37 0.172 7.1 

D   4.62 0.577 28.3 

E   1.79 0.224 10.7 

F   1.11 0.138 6.8 

G   0.90 0.113 5.3 

Iron (II) ions content determination by the spectrophotometric method  

The absorbancy of the samples was measured at the wavelenght of = 534 nm and the iron (II) content was 
calculated by the absorption calibration curve: y = ax + b, where a = 0.3499, b = 0.1184, r2 = 0.9997. The 
results are presented in the Table 6. 

Table 6 Iron (II) content determination - spectroscopic method - determination with bathophenanthroline  

Sample number Content (g/ml) Content (g) Content in the mass (%) 

A   0.636 0.994 48.2 

B   0.786 1.228 64.5 

C   1.082 1.691 69.6 

D   0.036 0.056 2.8 

E   0.506 0.790 37.8 

F   0.525 0.821 40.5 

G   0.569 0.891 41.5 

The % content of iron (III) and iron (II) ions is presented per the mass of a sample used in the analysis and per 
the total content of iron in the material used for the determination. If we compare the chemical composition 
obtained by the physical and chemical methods we may conclude that both the total iron, iron (II) and iron (III) 
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ions content may be increased by the iron of zero oxidation state and Fe3O4 which transform into ions during 
the preparation of the sample - digestion in hydrochloric acid. The aggregate Fe content in the examined dusts, 
including the Fe (II) and Fe (III) contents is presented in the Figure 1.   

 
Figure 1 The Fe content in the examined dusts (spectroscopic methods) 

4. SUMMARY 

The total content of iron was marked by the absorptive atomic spectroscopy, however the analysis of Fe 
content (II) and Fe (III) was carried out with the spectroscopy methods. The gained results indicate between 
40-90 % of total content of iron in the analysed samples. It was proved that the content of Fe (II) in the analysed 
samples amounts to 2-70 % while the content of iron (III) 5-28 %. 

The examined steel dust contains in its composition much more Fe (III) - c.a. 28 % while on average it is 10 % 
of Fe (III) in dusts resulting from casting (max. 22.5 %, min. 5.3 %). In result, the percentage rate of Fe (II) 
concentration is much more lower in the dust filtered from EAF - 2.8 %.  
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Abstract  

In this work the solvent extraction has been carried out for the removal of iron(III) from hydrochloric acid 
solutions. Tricaprylmethylammonium thiosalicylate [A336][TS] and trihexyl(tetradecyl)phosphonium 
thiosalicylate, [PR4][TS], a thiol-containing task specific ionic liquids (TSIL) were used as extractants in this 
process. Effect of hydrochloric acid concentration in aqueous phase on iron(III) extraction and separation has 
been investigated. Fe(III) ions were effectively removed from the aqueous phase by the phosphonium and 
ammonium ionic liquids and extraction efficiency increased with hydrochloric acid concentration increase. Also 
separation of Fe(III) was carried out from hydrochloric solution containing Cu(II) and the separation coefficients 
with [A336][TS] and [PR4][TS] were found. Highly selective extraction of Fe(III) over Cu(II) from hydrochloric 
acid has been achieved with 0.1 M [A336][TS] in toluene.  

Keywords: Iron(III), solvent extraction, trihexyl(tetradecyl)phosphonium thiosalicylate,  
         tricaprylmethylammonium thiosalicylate, ionic liquids 

1. INTRODUCTION  

Iron and metal alloys are very important in electronic and electrical industry. Pyrometallurgical and 
hydrometallurgical processes are very often used in recycling of metals from waste electric and electronic 
equipment (WEEE), electronic waste (e-waste) and printed circuit boards (PCBs) [1]. Removal of iron(III) from 
aqueous solutions after leaching of metallic wastes is very important stage in hydrometallurgical technologies. 
Spent metallic materials contain usually iron and other metals. Selective extraction of iron(III) from leach liquor 
is necessary in order to recovery of other important metals. We know various separation methods of metal 
ions from aqueous solutions such as precipitation, cementation, adsorption, ion exchange, solvent extraction 
as well as membrane processes. Several extractants were used in hydrometallurgical technologies for 
extraction of Fe(III) from aqueous solutions such as di-(2-ethylhexyl) phosphoric acid (D2EHPA) [2], tributyl 
phosphate (TBP) [3], trioctylphosphine oxide (TOPO) [2], bis(2,4,4-trimethylpentyl)monothiophosphinic acid 
(Cyanex 302) [3], tricaprylmethylammonium chloride (Aliquat 336)[4].Recently, we can observe that ionic 
liquids (ILs) are very often used as extractants of heavy metal cations from aqueous solutions [5]. The most 
important advantages of ILs are the following: insignificant vaporpressure, excellent thermal stability up to 300 
°C, non-flammability, tunable viscosity as well as good extractability for metal ions [7].   

In this work, task specific ionic liquids (TSILs) have been used as extractants of iron(III) form aqueous chloride 
solutions. Effect of hydrochloric acid concentration in aqueous phase on the efficiency of iron(III) extraction by 
trihexyl(tetradecyl)phosphonium thiosalicylate, [PR4][TS] and tricaprylmethylammonium thiosalicylate 
[A336][TS] in toluene has been investigated.  

2. EXPERIMENTAL PART  

2.1. Reagents 

Inorganic chemicals, i.e. iron(III) chloride (FeCl3, purity=98%), copper(II) chloride (CuCl2∙2H2O,  
purity=99%), hydrochloric acid (HCl), were of analytical grade and were purchased from POCh (Gliwice, 
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Poland). Aqueous solutions were prepared with deionized water.Organic reagents, i.e. 
tricaprylmethylammonium thiosalicylate [A336][TS], trihexyl(tetradecyl)phosphonium thiosalicylate, [PR4][TS] 
(purity≥97%) were purchased from Aldrich. 

2.2. Solvent extraction  

The procedure of solvent extraction was reported in the earlier paper [2]. Equal volumes of organic and 
aqueous phases (phase volume ratio O/A=1) were mechanically shaken for 20 minutes at 222 °C. 0.1 M 
[PR4][TS] and [A336][TS] in toluene were used as the organic phase. After establishing equilibrium, the 
aqueous phase was separated from the organic phase. Metal ions concentrations in aqueous phases were 
analyzed with plasma emission spectrometer (the Agilent 4200 MP-AES). The concentrations of metal ions 
in aqueous phases were determined before and after solvent extraction for calculating extraction efficiency 
and after stripping for calculating stripping efficiency. The concentrations of metals in organic phases were 
deduced by mass balance. Distribution ratio (D) and extraction percent (%E) were calculated as follows:  

D =                                                                                                                                                 (1) 

% E =                                                                                                                    (2) 

where [M]org and [M]aq denote metal concentrations in the organic and aqueous phases after solvent extraction, 
respectively. Selectivity coefficient (SM1/M2) for M1 over M2 was calculated as follows: 

SM1/M2=                                                                                                                                                (3) 

3. RESULTS AND DISSCUSION  
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Figure 1 Effect of hydrochloric acid concentration on the extraction efficiency of Fe(III) with 0.1 M 

[A336][TS] in toluene and 0.1 M [PR4][TS] in toluene, respectively. The aqueous phase: 0.01 M Fe(III) in 
HCl solutions 

The extraction of Fe(III) with [A336][TS] and [PR4][TS] in toluene was carried out from 0.1 to 4 M HCl. Figure1 
shows the extraction efficiency of Fe(III) depending on HCl concentration in the aqueous phase. As can be 
seen from this figure, the increase in acid concentration in the range 0.1-4 M HCl caused the increase of the 
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extraction efficiency of this metal ions likely due to the increase of the concentration of anionic species, 
specially such as FeCl4-. 

The distribution ratios obtained in the extraction of Fe(III) are given in Table 1. As can be seen from this Table, 
distribution ratios of Fe(III) increased within the hydrochloric acid concentration range from 0.1 M to 4 M in 
extraction process by ILs.  

Table 1 Distribution ratio (D) of Fe(III) with 0.1 M [A336][TS] and [PR4][TS] in toluene 

[HCl], mol/dm3 DFe(III) 

[A336][TS] [PR4][TS] 

0.1 0.05 0.02 

1.0 0.13 0.24 

2.0 0.58 0.83 

3.0 3.38 12.6 

4.0 17.4 18.4 

In the next part of investigation the selectivity of Fe(III) extraction over Cu(II) from HCl solutions has been 
studied. Figures 2 and 3 show the extraction efficiency (%E) of metal ions with 0.1 M [A336][TS] and [PR4][TS] 
in toluene, respectively. Hydrochloric acid concentration in the aqueous phase was varied from 0.1 M to 4 M. 
As can be observed from Figure 2, the highest extraction percent of Fe(III) was obtained with 0.1 M  [A336][TS] 
in toluene at 4 M HCl in the aqueous phase. Extraction efficiency of Cu(II) in this process was very low ( 2.5% 
at 0.1 M HCl and 6.5% at 4 M HCl).On the other hand, as can be seen from Figure 3, extraction percent of 
Cu(II) with 0.1 M [PR4][TS] in toluene was very high at low as well as high HCl concentration. The increase of 
hydrochloric acid concentration was responsible for an increase of Fe(III) extraction when [PR4][TS] was used 
as extractant. Extraction of Fe(IIII) increased with HCl concentration increase. 
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Figure 2 Effect of hydrochloric acid concentration on the extraction efficiency of Fe(III) and Cu(II) with 0.1 M 
[A336][TS] in toluene. The aqueous phase: 0.01 M Fe(III) and 0.1 M Cu(II) in HCl solutions 
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Figure 3 Effect of hydrochloric acid concentration on the extraction efficiency of Fe(III) and Cu(II) with 0.1 M 

[PR4][TS] in toluene. The aqueous phase: 0.01 M Fe(III) and 0.01 M Cu(II) in HCl solutions 

The log of selectivity coefficients Fe(III) over Cu(II) was plotted against hydrochloric acid concentration in 
Figure 4 and Figure 5, which indicated an increase in selectivity process with increase of HCl concentration 
from 0.1 to 4 M with [A336][TS]. On the other hand, with increase of acid concentration in the aqueous phase, 
the selectivity coefficients of metal ions with [PR4][TS] decreased. In this case, extraction efficiency of Cu(II) 
was very high and extraction percent of Fe(III) increased with the acid concentration increase. The highest 
selectivity coefficient of Cu(II) over Fe(III) was obtained for 0.1 M HCl.   
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Figure 4 Logarithm of the selectivity coefficient of Fe(III) over Cu(II) (log SFe/Cu) with 0.1 M [A336][TS] in 
toluene vs. HCl concentration under the same experimental conditions as in Figure 2 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

203 

3.5

3.0

2.5

2.0

1.5

1.0

4 2 3 1 

 

 

lo
gS

Cu
/F

e

Hydrochloric acid concentration (M)
0.1 

0.5

 

Figure 5 Logarithm of the selectivity coefficient of Fe(III) over Cu(II) (log SFe/Cu) with 0.1 M [PR4][TS] in 
toluene vs. HCl concentration under the same experimental conditions as in Figure 3 

4. CONCLUSION 

Based on the results of the solvent extraction of Fe(III) from hydrochloric acid solutions containing Cu(II), 
the following conclusions may be highlighted. [A336][TS] in toluene can be recommended for the selective 
extraction of Fe(III) from hydrochloric acid solutions regarding both the high values of the selective coefficients 
of Fe(III) over Cu(III) and the extraction efficiencies of Fe(III) at high acid concentration. The use of [PR4][TS] 
in toluene permits to selectively extract Cu(II) over Fe(III) from 0.1 M hydrochloric acid. At higher HCl 
concentrations, the extraction efficiency of Cu(II) remains close to 99% but the selectivity coefficient towards 
Fe(III) decreases. The 0.1 M [A336][TS] is proper to extract from acid solution nearly 95% Fe(III) with very high 
selectivity coefficient of Fe(III) over Cu(II) (SCu/Fe= 243.3).  
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Abstract  

The article presents the way of improving usable properties of cast irons by producing titanate coats in founding 
process, introducing titanium insert directly before pouring molten metal. It is presented an innovative way to 
use 3D technology applying SLS method in order to obtain local reinforcement of cast iron. The object of 
studies was a material consisting of two fundamental parts: bearing part - cast iron, and working part 
represented by titanic modular insert. The article presents detailed geometry of the insert as well as the micro 
observation on light and scaning microscope. In addition, micro analysis and mapping of the permanent joints 
between two materials was executed, and also microhardness and wear resistance were examinated. On the 
basic of obtained results, the presence of titanium carbides on the boundry cast iron- titanium insert was 
affirmed. Their dimensions and distribution were irregular in the volume of the material. Moreover, a local 
reinforcement of examinated material was observed, as evidence by increase of wear resistance and 
microhardness compared to basic material. 

Keywords: Grey cast iron; 3D printing insert; titanium; hardness; abrasive wear resistance 

1. INTRODUCTION  

Composite materials considered as combination of matrix and reinforcement represent one of the group of 
engineering materials. Matrix keeps reinforcement in a desired orientation, while reinforcement fortifies matrix 
in terms of stiffness and strength. As a result of combining process of those constituents, characterizing by 
significantly different properties, a brand new material with superior features compared to individual 
components is obtained. Constant growth of requirements relative to laden construction, particularly in aviation 
or automotive industry, forces the application of light, resistant and reliable materials, such as composites. It 
leads to intensive research on the development and constant improvement of those materials, at level of 
chemical composition as well as manufacturing technology [1-3].  

The worth mentioning way of manufacturing layered materials and composites is the method of mould cavity 
preparation. The big advantage of this technology is that it is possible to enrich the surface of casting directly 
in cast process, averting cracks in heat affected zone. The insert, in a form of steel plate or metallic or ceramics 
powder, is placed in the mould cavity, followed by pouring molten metal, usually cast steel or cast iron. Correct 
preparation of the mould is an important factor to obtain a cast with desired properties, and relies on placing 
an insert in such place of the mould, where composite surface layer is expected. As a consequence of reaction 
between the insert and liquid metal, a composite surface layer rich in desired carbides is obtained [4-10]. 

The composite being an object of this paper, is a combination of grey cast iron (matrix) and the titanate insert 
(reinforcement), innovation of which consisted of manufacturing method. The insert was prepared using 3D 
printing based on SLS (selective laser sintering) method. It is an additive manufacturing technique that uses 
high power-density laser to sinter metallic powders together into a solid 3D-dimentinal part. This paper 
presents an analysis of a casting with scaffold insert with clearly defined overall dimensions and shape [11 - 
13]. 
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2. RANGE OF STUDIES 

The main aim of investigation was to manufacture a cast with a scaffold insert using mould cavity preparation 
method. The insert was carried out in SLS method from pure Ti powder. Its weight does not exceed 5 % of the 
weight of the whole cast. The geometry of the insert is presented in Figure 1a. Scaffold was made by 
connecting rods of circular cross-section, arranged vertically and horizontally. Dimensions of external diameter 
(Re) of rods is 1-5 mm and internal diameter (Ri) of rods is 50-90 % Re. The distance between connecting rods 
is 100-150 % of Re. Dimensions of the insert are: 50x15x15 mm (Figure 1b) [14]. 

  
Figure 1 (a) Scheme of example cell of scaffold insert, (b) External dimensions of the insert 

The insert was placed horizontally in the mould cavity and poured by molten grey cast iron with flake graphite 
at the temperature of 1,500 oC. 

The next step provided metallographic examinations on light microscope Nikon and scanning electron 
microscope PhenomProX. Microhardness measurement was executed using load 10N with use of 
microhardness tester FUTURE-TECH. Abrasive wear resistance researches according to [15, 16] was also 
carried out. The speed of disk with the sample was 150 rpm and the speed of rotation of counterspecimen 
(abrasive paper from SiC) was 400 rpm.  

3. RESULTS OF STUDIES 

As it is seen in cross-section of the casting(Figure 2), titanium insert was partially dissolved in grey cast iron 
matrix, as consequence of which it was obtain a local reinforcement of the casting. Degree of dissolving of 
scaffold insert depends of pouring temperature which is the main parameter of casting process. 

  

Figure 2 Cross-section of the casting (macrostructure) 

In Figure 3 microstructure of surface layer of obtained casting is presented. Reaction between liquid grey cast 
iron solidified in the mould and Ti insert provides that in high temperature zone, the atoms of carbon are set in 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

206 

octahedral interstice of titanium atoms what is accompanied by the precipitations of carbides. Thickness of 
obtained surface layer is irregular- concentration of carbides decreases with increasing distance from the 
insert.  

a) 

 

b) 

 

Figure 3 Microstructure of surface layer of casting reinforced by Ti insert, etch. Nital, mag: 
(a) 100x., (b) 200x., LOM 

Metallographic examination affirmed that in each reinforced layer there are two areas i.e. internal with small 
amount of titanium carbides (Figure 4a) and external with large amount of titanium carbides (Figure 5). The 
internal area was created in the empty inside of the rod. Whereas the external layer was created in result of 
reaction between liquid cast iron and wall of rod. Pointwise EDS analysis, carried out in point selected from 
Figure 4a, affirmed that the carbides are mostly of the type TiC (Table 1). Titanium carbides have a very good 
connection to grey cast iron matrix and it can be considered that obtained surface layer is in the form of an in 
situ composite (Figures 4 and 5). They have different shapes and sizes (from 2 to 8 μm), as shows Figure 6.  

a) 

  

Figure 4 Linear EDS analysis of selected titanium carbide in pearlitic matrix in surface layer of casting:  
a) measurement area, b) distribution of C, c) distribution of Ti, d) distribution of Fe 

1 
2 

3 
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Table 1 Pointwise EDS analysis (number of measuring points as in Figure 4a) 

No  
Ti % C % Fe % 

atomic weight atomic weight atomic weight 
1 46.08 74.57 51.54 20.93 2.38 4.51 
2 45.57 73.65 51.54 20.92 2.89 5.45 
3 38.54 69.54 59.43 27.01 1.63 3.42 

a
) 

 

b) 

 

c
) 

 

d) 

 
Figure 5 Mapping of selected structure:(a) measurement area, (b) distribution of all elements,  

(c) distribution of C, (d) distribution of Ti 

 
Figure 6 Exemplary titanium carbides 
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On the basic of the results of microhardness and wear resistance measurement it was affirmed, that the 
presence of TiC affects on strenght properties of the material. Table 2 presents the results of microhardness 
measurement executed among the line indicated in Figure 7. Hardness depends on carbides’ concentration. 
In the area with small amout of TiC, the measurement considered matrix material, and the value of 
microhardness was lower (approx. 500 μHV). The area with big concentration of carbides has hardness 
approx. 800 μHV. 

 
Figure 7 Measurement area of microhardness 

Table 2 Results of microhardness measurement 

No Hardness, μHV 

1-10 568 832 862 481 550 688 508 533 522 696 

11-20 785 550 563 862 624 729 754 628 703 635 

21-29 540 863 689 598 633 740 491 724 697  
average: 657 

Such high hardness influenced on good abbrasive properties. The results presented in Table 3 affirmed that 
casting composite has the lowest mass decrement during examination of wear resistance measurement 
compared to matrix material (grey cast iron) and chromium cast iron contains 3 % wt. of C and 18 % wt. of Cr 
at hardness 597 μHV and hardened low-alloyed steel contains 0.3 % wt. of C and 2 % wt. of Cr at hardness 
440 μHV. 

Table 3 Results of wear resistance measurement 

Material Mass decrement, g Average mass decrement, g  

casting composite 0.012 0.021 0.013 0.014 0.014 0.012 

chromium cast iron 0.043 0.034 0.031 0.061 0.062 0.044 

low alloyed steel 0.092 0.053 0.061 0.082 0.071 0.070 

cast iron 0.262 0.201 0.203 0.192 0.281 0.226 

4. CONCLUSIONS 

The following conclusions were couched on the grounds of conducted research: 

1) It is possible to reinforce surface layer of the grey cast iron casting by using 3D printing scaffold insert 
in the method of mould cavity preparation. 

2) Reaction between pure Ti insert and liquid cast iron guarantees to obtain titanium carbides, mainly TiC in 
microstructure of surface layer, which increases hardness and wear resistance of casting.  

3) The usable properties of composite surface layer obtained in result of use of the method presented in the 
paper, strongly depend of dimensions of scaffold insert, mainly parameters Re and Ri.  
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Abstract 

Current approach for microstructure images recognition and image-based properties measurement utilized 
manual iterative image filtering and threshold-binarization process until image areas, corresponding to desired 
structure elements, were extracted. This approach, however, led to information loss and inaccurate results, 
due to extensive filtering required to remove noise and extract features. Results were very sensitive to 
scanning method used to obtain images, image quality and coloring. Also, manual binarization process 
assumes that desired structure features are already known. 

In this article, we present and describe implementation and results of new approach, where image is 
segmented using algorithms based on Watershed [1], Morphological Geodesic Active Contours (MorphGAC), 
and Morphological Active Contours without Edges (MorphACWE) [2-3] algorithms, providing context-
independent image partitioning. After image is segmented, obtained segments are classified and then 
measurements are taken for desired classes. This approach allows to find more features than binarization 
approach with higher accuracy, as minimal filtering is required, and MorphGAC/ACWE algorithms tend to be 
more accurate in edge and contour detection than simple thresholding or linear filters. 

Our program is written in Python, with use of OpenCV and Scikit-image libraries. It implements mentioned 
algorithm and provides tools for image filtering, and also analysis and measurements tools including features 
size and distribution statistics are available. For optimization enhancements, Python C-extensions and 
OpenCL-based GPU processing will be used if needed. 

Future enhancements include graph theory structure analysis, as image partitioned into segments 
corresponding to structure elements can be easily represented in a graph form. Our goal is also to utilize neural 
network for microstructure recognition, segmentation and property analysis. 

Keywords: Microstructure images recognition, grain boundary, images recognition algorithms, Python 

1. INTRODUCTION 

In the age of digitization, automated and semi-automated processing and analysis of images is widely used in 
many fields of science and technology, among others, in medicine (including the analysis of images from USG 
or CT), geology (recognition of rocks in petroleum geology) or criminology (face recognition). 

The intensive deployment of vision systems in the various fields of our lives has an obvious cause. Human 
perception has often limited possibilities. By using appropriate image processing operations, information that 
is not normally recognized by the human visual system [4] can be obtained.  

There is a general algorithm whose implementation is a necessary and fundamental requirement in image 
processing and analysis. In order to process the image and use it as a source of information, the first step is 
to transform it into a digital image (image acquisition). In the next step the analysis should be performed which 
includes filtering, segmentation, object localization and determines their characteristics [4]. Figure 1 shows a 
diagram of a standard procedure in the analysis and image processing. 
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Figure 1 Image processing and analysis algorithm [5] 

The first step of image processing and analysis according to the above scheme (Figure 1) is to digitize the 
image. Briefly, image digitization can be described as the processing of analog signals into digital signals, 
which are signals whose domain and codomain are discrete. 

The next step is filtration (Figure 2). Filtration is a pixel operation. Based on the appropriate mathematical 
transformation, it changes the source pixel parameters to the new one, taking into account neighboring pixels. 
The main purpose of filtration in this paper was to reduce noises of metallic microstructure and to minimize the 
effects of image compression. 

 

Figure 2 Image filtering scheme 

In the next step of processing and analysis of images, segmentation is realized. Due to the needs of the present 
work this is a priority step. Segmentation is the process of dividing an image area into certain zones, which 
are defined by specific properties, often based on color homogeneity. The main advantages of image 
segmentation tend to be in two directions. First, they give the user the freedom to access individual data. 
Secondly, they provide accurate information about the processed data, while providing the user ability to 
modify individual regions [6]. 

Two types of image segmentation were used. Watershed [1] and Morphological Geodesic Active Contours 
(MorphGAC) [2-3]. 

The name Watershed comes from the name of the boundary separating the river basin or water basins. 
Watershed is implemented for grayscale images. Watershed algorithms use region and contour information to 
split the image, presenting it as a topographical 3D relief, comprising two spatial dimensions, and a third being 
information about a specific attribute [6]. 

MorphGAC belongs to a group of algorithms called Morphological Snakes. MorphGAC is one of the best known 
examples of contour evolution methods. The operation of the algorithm is to find a contour that serves as the 
boundary of the image separation in two areas based on the content of the image. The method works by 
solving partial differential equations (PDE’s) on an embedding function that has a contour defined as zero. 
Morphological snakes are designed to provide a quick, simple and stable approximation to PDE's. This 
accomplishes this task by replacing the PDE conditions with the multiple use of morphological operators over 
the binary embedding [2-3]. 

2. METHODOLOGY 

For the purpose of the article the author's program Structure Processor for processing and analysis of images, 
especially photos of metallic materials structures, was created. The paper presents results of analyzes carried 
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out on photos of the Inconel 718 microstructure in the delivery state and after high temperature flow-forming 
process. 

2.1. Acquisition 

Acquisition of a microstructure images was made using a scanning electron microscope. The device was 
connected to a computer, which allowed the images to be digitized. The structure pictures are shown in 
Figure 3. 

a) b) 

     
Figure 3 Pictures from SEM, Inconel 718 in delivery conditions (a) and after plastic deformation in high 

temperature (b) 

2.2. Filtering 

In the next stage of the work, the image was filtered. The main objective was to achieve a maximum 
homogeneous color in each grain of material while maintaining grain boundaries. The Chambolle noise 
reduction algorithm was used for this purpose [8]. The results are shown in Figure 4. 

a) b) 

  
Figure 4 Noise reduction on the microstructure pictures by Chambolle method  

2.3. Segmentation 

In order to achieve image segmentation, a grid of markers was generated (Figure 5). The marking grid is 
prepared for this method, due to the Watershed segmentation requirement: the algorithm starts with starting 
points, markers. Then it searches the adjacent points, expanding the area (still containing the starting point). 
If two areas are merged, the boundary is generated. If the grain did not contain a starting point, it could be 
incorporated into another. 
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a) b) 

  

Figure 5 Marker grid generated for Inconel 718 in delivery conditions (a) for Inconel 718 after plastic 
deformation (b) 

2.4. Localization 

In the next step, the marker grid is applied on the filtered image to locate the objects and mark the grain 
boundaries. The grain location result is shown in Figure 6. 

a) b) 

  

Figure 6 Grain boundaries determined by the Watershed method 

Locations of objects were also obtained using the MorphGAC algorithm. Exemplary results are shown in 
Figure 7. 

a) b) 

  

Figure 7 Location of objects using the MorphGAC method. Inconel 718 in delivery conditions (a) and after 
plastic deformation (b) 
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2.5. Characterization 

This is the last step in working on an image. The Structure Processor is equipped with a report and has several 
report options available to choose from. A base or extended report can be generated. A file obtained from the 
program contains information about the geometry of the counted objects and image files, each with a single 
grain. In Figure 8, a sample .csv file of the report is given. 

 
Figure 8 Except from a sample report 

3. SUMMARY 

Structure Processor is in development, but based on the results obtained with the Watershed algorithm, it can 
be said that the method is efficient and allows the structure to be analyzed with satisfactory accuracy. An 
important aspect is the selection of appropriate parameters for both pre-filtering, filtering, and algorithms. 

The application of automatically generated markers shortens the analysis time and allows processing of more 
data. 

The morph type algorithm is extremely sensitive to the parameters. The effects are not fully satisfactory yet. 
Future work will be conducted to improve the quality of the algorithm results. 
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Abstract 

The surface tension of selected real steel grades and their wetting with alumina substrate in the temperature 
interval from the melting point to the temperature of 1600 °C were determined using the sessile drop technique. 
The effect of the major elements (carbon and chromium) on the surface properties of given steels was studied. 
Carbon and chromium contents were varied in the range of 0.077 - 0.411 wt. % and 0.046 -12.392 wt. %, 
respectively. It was shown that with an increasing content of both aforementioned components increased the 
surface tension of the investigated steels. The temperature dependencies of surface tension exhibit a steeper 
decrease at higher chromium contents.The contact angle of liquid steels with alumina substrate increased with 
increasing chromium content in the samples. 

Keywords: Sessile drop method, surface tension, wetting angle, steels 

1. INTRODUCTION  

Surface tension is an important quantity from a physical and technological point of view in the steelmaking. To 
surface phenomena in steel production is closely related to coagulation and coalescence of non-metallic 
inclusions, the formation of gas bubbles, erosion and corrosion of refractory ceramics by molten steel, 
phenomena during crystallization of steel etc. The knowledge of temperature dependence of surface tension 
is crucial, because it drives Marangoni convection.  

It is important to note that experimental study of surface tension of liquid multicomponent metallic alloy is very 
difficult, mainly because of the high reactivity of metallic melts at high temperature as well as due to extreme 
sensitivity of surface tension to impurities [1]. 

High - temperature wettability of the ceramic material by the liquid steel is a very important parameter for the 
assessment of their mutual interaction, e.g. during the casting process. Unfortunately, at very high 
temperatures during casting of steels the wettability of ceramic materials changes due to many factors 
(roughness of the substrate surface, chemical heterogeneity of the ceramic material, its porosity, chemical 
composition, reactivity of the molten metal). 

Although, influence of carbon and chromium on surface tension of steel was investigated by many authors, 
the results of these studies are very different. Kawai et al. [2] reported that carbon acted as a surface active 
element. In contrast, Morohoshi et al. [3] reported that carbon itself has no influence on the surface tension, 
but reduces oxygen activity in the melt, which causes increase in the surface tension. Lee and Morita [4] 
reported that carbon increases the sulphur activity causing decrease in the surface tension, whereas at the 
same time carbon itself increases the surface tension. Jimbo and Cramb [5] reported that carbon causes small 
increase in the surface tension of liquid iron. Authors Li and Mukai [6, 7] determined the influence of chromium 
on surface tension, and reported a small rise in surface tension with small additions of chromium.  The reason 
for the different behaviors among the previous studies is not clearly understood yet. But some discrepancy of 
the surface tension between investigators can be cause by varying concentrations of oxygen and sulphur in 
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the samples or inaccurate experimental techniques. It is generally known, that oxygen and sulphur are strong 
surface active elements and therefor decrease surface tension of steel.  

The presented work is focused on experimental studies of the temperature dependencies of wetting angles 
and surface tension of selected real steels, with various concentrations of carbon and chromium. The values 
of given quantities have been determined using the sessile drop technique. 

2. EXPERIMENTAL RESEARCH  

2.1. Materials  

Five real steel grades (samples 1 - 5) were used for experimental measurement of surface properties, the 
chemical composition of which is shown in Table 1. The high purity Al2O3 (99.8 %) plate (37.3 x 44.7 x 2.0 mm) 
was used as a substrate in this study.  

Table 1 Chemical composition of the steels (wt. %) 

Sample C Cr Mn Si P S Cu Ni Mo Al N O 

1 0.077 0.049 0.635 0.201 0.021 0.008 0.064 0.027 0.003 0.026 0.004 0.002 

2 0.290 0.610 0.813 0.209 0.013 0.007 0.064 0.028 0.170 0.022 0.004 0.002 

3 0.318 1.539 0.460 0.270 0.008 0.001 0.100 0.887 0.194 0.820 0.002 0.001 

4 0.381 4.990 0.380 0.940 0.008 0.001 0.090 0.264 1.160 0.025 0.0068 0.001 

5 0.411 12.392 0.344 0.375 0.016 0.011 - 0.218 0.027 - - 0.001 

Contents of other elements present in given steels are the following: < 0.003 Ti, < 0.003 Nb, < 0.0005 B, the 
rest is iron. 

2.2. Preparation of samples  

From given steels were prepared the cylindrical pieces (diameter 5 mm x height 5 mm), each weighing about 
0.7 g. The steel pieces were mechanically polished to remove any surface oxide and cleaned with acetone. 
The Al2O3 plate was annealed at the temperature of 1200 °C and its surface immediately before experiment 
was cleaned with acetone, dried and used without touching the surfaces, in order to avoid any possible 
contamination. After the steel sample was set on the upper surface of the Al2O3 substrate and prepared for 
experiment. 

2.3. Measurement of surface properties 

Experimental measurement of surface properties (wetting angles, surface tension) was performed in 
a resistance observation furnace Clasic (Figure 1) in the temperature interval from the melting point of given 
steel sample to the temperature of 1600 °C by the sessile drop method. This method is based on automatic 
recognition of geometric shape of a drop, which is sessile on a non-wettable plate [8]. Alumina plate was used 
as a non-wettable plate for investigated steels. Recognition of the drop shape is divided into two steps. Firstly, 
the approximate height of the drop in the image is estimated and secondly, the contour segments of the drop 
are found. The Laplace - Young equation is used for evaluation of the image. 

Prepared sample was settled at the centre of the furnace to thermocouple, the reaction chamber was sealed 
and evacuated and then purified argon gas (> 99.9999 %). Then the system was heated to the temperature of 
1600 °C at the heating rate 5 °C / min. The temperature was measured by the thermocouple  
Pt - 13%Rh/Pt. When the sample was melted, the shape of sessile drop was monitored by the camera CANON 
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EOS 550D. The images of drop (Figure 2) were recorded only during the heating. The experiment was 
performed under an inert atmosphere of argon in order to avoid the oxidation of sample. 

Figure 1 Resistant furnace Clasic Figure 2 Image of real sessile drop 

3. RESULTS AND DISCUSSION 

The temperature dependencies of the surface tension of the steel samples in the temperature interval from 
their melting point to the temperature of 1600 °C are shown in Figure 3.  

 

Figure 3 Temperature dependencies of the surface tension of investigated steels 

From this Figure it is evident that the surface tension, with the exception of sample 2, decreases with increasing 
temperature. The surface tension of sample 2 increases very slightly with increasing temperature. The 
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temperature dependencies of surface tension exhibit a steeper decrease at higher chromium contents, this is 
particularly apparent for the sample 5 with chromium content 12.392 wt. %.  

Increasing content of carbon and chromium acts on the steel surface tension positive, this means that with 
increasing content of the aforementioned elements the surface tension increases, see in Figure 3. However, 
the surface tension of investigated steels can be affected by the presence of surface active elements such as 
oxygen and sulphur, which were present in the steels already before the experiment. It is possible therefore 
lean towards the opinions of the authors [3, 4, 9] that the effect of carbon and chromium is greatly influenced 
by the presence of surface active elements. Carbon itself has no influence on the surface tension, but reduces 
oxygen activity in the melt, which causes increase in the surface tension. Carbon may also increase the sulphur 
activity causing decrease in the surface tension, whereas at the same time carbon itself increases the surface 
tension. The presence of oxygen also influences the effect of chromium on the surface tension. Chromium has 
a relatively strong affinity to oxygen; one can therefore reduce the oxygen activity in the melt and consequently 
increase the surface tension.  

 
Figure 4 Temperature dependencies of average wetting angles of investigated steels  

on alumina substrate 

The temperature dependencies of the average wetting angle of the steel samples 1 - 4 in the temperature 
interval from their melting point to the temperature of 1600 °C are shown in Figure 4. The temperature 
dependence of the sample 5 was omitted. Given sample contains the highest amounts of sulphur, almost ten 
times higher than samples 3 and 4, which can greatly affect the size of the contact angle between the molten 
steel and alumina substrate. The average contact angle of sample 5 with a sulphur content of 0.011 wt. % was 
about 107 °. From Figure 4 it can be seen that with increasing chromium content increases the wetting angle, 
with the exception of sample 3, that as the only contains a higher amount of aluminum (0.820 wt. %). The 
average wetting angles for sample 3 is higher than for sample 4, probably due to the higher aluminum content. 
The images of the sessile drop of investigated steels on alumina substrate and their contact angles at a 
temperature 1580 °C are shown in Figure 5.   
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sample 1; 127 ° sample 2; 128 ° sample 3; 142 ° 

  

 

sample 4; 132 °  sample 5; 107 °  
Figure 5 Images of the sessile drop of investigated steels on alumina substrate and their wetting angles  

at a temperature of 1580 °C 

4. CONCLUSION 

The results obtained by the experimental research can be summarized as follows: 

 The surface tension of the investigated steel samples, with the exception of sample 2, decreases with 
increasing temperature. The temperature dependencies of surface tension exhibit a steeper decrease 
at higher chromium contents.  

 The surface tension increases with increasing contents of carbon and chromium for all investigated 
steels. The positive effect of carbon and chromium on the surface tension of given steels is probably 
influenced by the presence of surface active elements - oxygen and sulphur. Carbon and chromium 
decreases the oxygen activity and consequently increases surface tension. 

 The contact angle of liquid steel samples with alumina substrate increased with increasing chromium 
content. Wetting angle decreases markedly with the increasing content of sulphur. 

 The wettability of alumina by investigated steels, with the exception of sample 1, increases slightly with 
increasing temperature. 

Assessment of the impact of individual elements on the steel surface tension and wetting of steels with alumina 
substrate is very difficult for polycomponent systems. However, the aim of this experimental study was to 
determine the temperature dependencies of surface tension and wetting angles in real steel grades. Another 
analysis will be performed in the next step for confirmation of aforementioned assumptions.  
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Abstract 

The paper presents the results of operating experiments focused on the study of the formation and modification 
of non-metallic inclusions during treatment of aluminium-killed steels at units of secondary metallurgy. The 
process melts were focused on analysis of the influence of deoxidizing and slag-making agents and wear of 
the lining on the steel microcleanness. The experiments were aimed at studying the patterns of formation, 
origin and conditions of elimination of non-metallic inclusions during treatment of steels on the homogenization 
station and ladle furnace. The actual evaluation of microcleanness was executed by means of SEM 
microscope. The results present the number, ratio and analysis of chemical composition of non-metallic 
inclusions including their plotting in ternary diagrams. The evaluation indicated in the paper represents basic 
information on the achieved microcleanness, and thus also the produced steel quality. 

Keywords: Steel, slag, secondary metallurgy, microcleanness, non-metallic inclusions 

1. INTRODUCTION 

In the present-day steel industry, there are ever-increasing demands for steel quality to achieve maximum 
production efficiency at the lowest possible costs. Fulfilment of the mentioned demands is primarily 
predetermined by provision of high-level metallurgical technology to obtain steel of high cleanness. Modern 
and progressive technologies enabling fulfilment of these demands can include secondary metallurgy, which 
provides for refining processing of a wide variety of types, which include [1, 2, 3]: controlled deoxidation and 
alloying of steel, homogenization of molten steel, desulphurization of steel, elimination of undesirable gases 
(hydrogen or nitrogen), modification of inclusions, improvement in microcleanness and temperature adaptation 
of liquid steel [4] to the needs of the equipment for continuous casting of steel [5, 6]. 

One of the basic functions of secondary metallurgy is steel refining aimed at the elimination or modification of 
non-metallic inclusions. Formation of non-metallic inclusions during steel production is unavoidable. The 
influence of non-metallic inclusions on the steel cleanness and quality can be characterized by many 
parameters, which, for instance, include their total number, morphology, composition, shape, size, manner of 
arrangement, etc. It is suitable to realize that it is the increased content of non-metallic inclusions that is the 
cause of possible problems occurring during treatment of steel, such as casting, forming or heat treatment, 
whereas the non-metallic inclusions have also a negative impact on the properties of final products. The non-
metallic inclusions cannot be eliminated from steel totally; their negative influence, however, can be limited by 
minimization of their formation and improved conditions of their elimination or modification [7, 8, 9]. 

The paper indicates the results of operating experiments aimed at the study of formation and modification of 
non-metallic inclusions during treatment of aluminium-killed steels at units of secondary metallurgy. The 
process melts were focused on the analysis of the influence of deoxidizing and slag-making agents and lining 
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wear on the steel microcleanness achieved. The experiments were aimed at studying the patterns of formation, 
origin and conditions of elimination of non-metallic inclusions or at least restriction of their harmful effects, 
which is of cardinal importance in order to achieve high cleanness and thus also quality of the steel produced. 

2. EXPERIMENT CHARACTERISTICS 

The operating experiments aimed at the study of formation of non-metallic inclusions were executed during 
steel treatment at units of secondary metallurgy within the following production scheme: homogenization 
station HS → ladle furnace LF. The actual operating experiments were executed during production of plain 
structural steel, the chemical composition of which is indicated in Table 1. 

Table 1 Basic chemical composition of plain structural steel 

Range 
Chemical composition (wt. %) 

C Mn Si P S Cr Mo Ni Al 

Min. 0.4 0.50 ××× ××× ××× ××× ××× ××× 0.02 

Max 0.5 0.80 0.40 0.030 0.035 0.40 0.10 0.40 0.05 

In the course of the experiments, steel was processed in the LD oxygen converter, with subsequent tapping in 
the foundry ladle. After the tap had been started, lime (CaO) and synthetic slag were added first; next, 
aluminium (Algranul) was added in order to deoxidize the steel. During the tap, alloying additives were added, 
such as FeSi, FeSiMn, FeCr and a carburizing agent (coke). The tapping was concluded by the addition of the 
main portion of slag-making additives forming lime (CaO). After tapping, the ladle with steel and slag formed 
was transferred to the homogenization station HS, where the steel was homogenized; namely through the 
upper nozzle and ground tuyer by means of argon. Within treatment on the homogenization station HS, 
aluminium (Algranul) or a carburizing agent (coke) was used to reduce the content of easily reducible oxides 
which represent the furnace slag which overflowed from the oxygen converter LD. 

The ladle was then transferred to the ladle furnace LF, where the slag was adapted by the addition of lime 
(CaO) and synthetic slag. During treatment in the ladle furnace LF, alloying additives were added, such as 
FeSi, FeSiMn, FeCr, aluminium (Alwire, Algranul) and the carburizing agent (coke). This addition of additives 
resulted in adapted chemical composition of the steel and slag, after which standard treatment was executed 
at the ladle furnace LF, consisting of heating-up, desulphurization, homogenization and refining of the steel. 
After the treatment on the ladle furnace was finished, casting was executed on the continuous casting machine. 

In total, 6 relevant process melts were evaluated. During the operating experiments, steel samples were taken 
for evaluation from the selected units of secondary metallurgy. Table 2 contains the sampling scheme. In the 
case of steel sampling, microcleanness was evaluated. 

The obtained steel samples were analysed by means of an electronic microscope working in the mode of 
a scanning electron microscope (SEM) or energy dispersive spectrometry (EDS). Distribution of non-metallic 
inclusions was evaluated by means of the image analysis within the software in the SEM mode. The system 
scans the sample and localizes particles representing potential non-metallic inclusions. Subsequently, it 
measures their size and analyses their composition by means of the EDS mode. As soon as the sample 
analysis has been completed, particles other than non-metallic inclusions (such as scratches, abrasive paper 
particles, etc.) are filtered off. Subsequently, basic analysis of oxides and sulphides is executed. Thanks to 
this analysis, the location, size and chemical composition of the non-metallic inclusions are determined. 
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Table 2 Sampling scheme of the course of steel treatment at units of secondary metallurgy 
Scheme of the course of plant experiment 

    

Basic Oxygen Converter 
BOF 

Homogenization Station 
HS 

Ladle Furnace 
 LF 

Continuous Casting  
Machine CCM 

Sampling of steel 
 

××× ××× HS start HS end ××× LF end ××× ××× 

3. RESULTS AND DISCUSSION 

The evaluation of microcleanness during treatment of steel on secondary metallurgy units was executed in 
several parts. Firstly, the density (number) of non-metallic inclusions per cm2 was evaluated. Next, distribution of 
non-metallic inclusions was evaluated by their size. This evaluation was supplemented with plotting of the 
chemical composition of the non-metallic inclusions in ternary diagrams CaO-Al2O3-MgO. 

The resulting pattern of change in the density (number) of non-metallic inclusions is indicated in Figure 1. The 
results reveal that during treatment of steel on the homogenization station (samples HSstart → HSend), the steel 
contamination by non-metallic inclusions increased 1.8 times. This contamination is also characterized by the 
variance of results achieved within the individual melts. This phenomenon can be explained by gradual solution 
of the individual additives added during tapping of the steel as well as intensive homogenization of the bath on 
the homogenization station by means of the inert gas. 

 
Figure 1 Change in the density (number) of non-metallic inclusions 

This trend can be explained by improved conditions of floating and absorption of non-metallic inclusions by 
application of the following technologies: steel clarification by inert gas, adaptation of the slag chemical 
composition, and reduction in the slag viscosity by means of electric arc heating. 

Subsequently, the contamination results were analysed by the number and ratio of non-metallic inclusions in the 
steel, as apparent from Figure 2 to Figure 4. The average results reveal that at the beginning of steel treatment on 
the homogenization station (sample HSstart), the highest ratio is represented by non-metallic inclusions sized 1 to 
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3 μm, the ratio of which in the steel falls within the range of 15 to 24 %. The other non-metallic inclusions, sized 4 
to 10 μm, occur in the steel; their ratio, however, is lower than 5 %. 

  
a) distribution of non-metallic inclusions by number b) distribution of non-metallic inclusions by ratio 

Figure 2 Distribution of non-metallic inclusions at the beginning of treatment on the homogenization 
station (sample HSstart) 

  
a) distribution of non-metallic inclusions by number b) distribution of non-metallic inclusions by ratio 

Figure 3 Distribution of non-metallic inclusions at the end of treatment on the homogenization station 
(sample HSend) 

  
a) distribution of non-metallic inclusions by number b) distribution of non-metallic inclusions by ratio 

Figure 4 Distribution of non-metallic inclusions at the end of treatment on the ladle furnace (sample 
LFend) 
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Further, the results reveal that at the end of steel treatment on the homogenization station (sample HSend), there 
is increased steel contamination. This was evident from an increased number of non-metallic inclusions in the 
size category of 1 to 3 μm, the ratio of which increased in the steel to the range of 21 to 35 %. Non-metallic 
inclusions sized 4 to 10 μm also occur in the steel. Their ratio in the steel rose slightly, being still below 10 %, 
however. 

The last step involves steel treatment on the ladle furnace (sample LFend). In this case, it can be stated that 
conditions have been created for substantial reduction in the content of non-metallic inclusions. As apparent from 
Figure 4, this resulted in substantial reduction in the number of non-metallic inclusions in all of the size groups. The 
highest number of non-metallic inclusions is represented by the size category of 1 to 2 μm, the ratio of which 
increased in the steel to the range of 24 to 48 %. As for the other size categories of 4 to 10 μm, their number was 
reduced, whereas their ratio is lower than 5 %. 

Evaluation of the distribution of non-metallic inclusions by size was supplemented with the results of the chemical 
composition of the non-metallic inclusions. These results, represented by ternary diagrams  
CaO-Al2O3-MgO, are indicated in Figure 5. The results reveal that at the beginning and end of steel treatment 
on the homogenization station (samples HSstart → HSend), the chemical composition of non-metallic inclusions fall 
within the range of 90 to 100 % of Al2O3, 0 to 10 % of MgO and 0 to 10 % of CaO. It can be stated that these are 
non-metallic inclusions formed within the steel deoxidation by aluminium (Algranul). The results further reveal that 
the steel is partly contaminated by erosion, specifically, of the lining on the MgO basis. In addition, the non-
metallic inclusions react with lime (CaO) from the slag. 

  

a) melt at the beginning of treatment on HS start b) melt at the end of treatment on HS end 

 
c) melt at the end of treatment on LFend 

Figure 5 Ternary diagrams of CaO-Al2O3-MgO with non-metallic inclusions for various stages of steel 
treatment 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

227 

Treatment of steel on the ladle furnace (sample LFend) results in the change in the chemical composition of the 
non-metallic inclusions. The results reveal that the chemical composition of non-metallic inclusions fall mainly 
within the range of 70 to 100 % of Al2O3, 0 to 30 % of MgO and 0 to 30 % of CaO. This phenomenon can be 
explained on the basis of the mechanism described by the authors [10], illustrated in Figure 6. 

Therefore, it is possible to state that during the steel treatment on the homogenization station, the steel 
contamination is represented by aluminate inclusions (Al2O3) forming networks or clusters. Thanks to the steel 
reactions with the lining and ladle slag, the following treatment on the ladle furnace results in the change in the 
chemical composition of non-metallic inclusions. These inclusions are represented by pure aluminates (Al2O3), 
spinels (MgO∙Al2O3) or aluminates modified by the calcium from slag (CaO∙6Al2O3). 

 
Figure 6 New generation mechanism of inclusions during LF refining [10] 

4. CONCLUSIONS 

In operating conditions, experiments were executed to obtain information on the formation, origin and 
conditions of elimination of non-metallic inclusions during treatment of steel within secondary metallurgy. From 
the achieved results of the operating experiments, the following findings can be defined: 

 steel treatment on the homogenization station results in a 1.8fold increase in the steel contamination 
with non-metallic inclusions. This contamination can be explained by the gradual solution of the additives 
added during the steel tapping and intensive homogenization of the bath on the homogenization station; 

 the steel contains the largest number of non-metallic inclusions before steel treatment on the ladle 
furnace; 

 the following steel treatment on the ladle furnace results in a 4.7fold decrease in the steel contamination 
with non-metallic inclusions. This trend can be explained by improved conditions of floating and 
absorption of non-metallic inclusions; 

 the largest ratio of non-metallic inclusions at the beginning of steel treatment on the homogenization 
station is made of non-metallic inclusions sized 1 to 3 μm, the ratio of which in the steel is within the 
range of 15 to 24 %; 

 at the end of steel treatment on the homogenization station, there is an increase in the steel 
contamination with non-metallic inclusions sized 1 to 3 μm, the ratio of which in the steel has risen to 
the range of 21 to 35 %; 

 steel treatment on the ladle furnace created conditions for a substantial reduction in the content of non-
metallic inclusions. The highest number of non-metallic inclusions is represented by the size category 
of 1 to 2 μm, the ratio of which in the steel has risen to the range of 24 to 48 %; 
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 chemical composition of the non-metallic inclusions reveals that after steel treatment on the 
homogenization station the non-metallic inclusions are represented by aluminates (Al2O3) forming 
networks or clusters; 

 subsequent treatment on the ladle furnace involves reactions of the steel with lining and the ladle slag. 
These inclusions are represented by pure aluminates (Al2O3), spinels (MgO∙Al2O3) or aluminates 
modified by the calcium from slag (CaO∙6Al2O3). 

ACKNOWLEDGEMENTS 

This paper was created in the project reg. number TA04010312 and was carried out in the financial 
support of TA ČR. The work was carried out in the support of projects of “Student Grant 

Competition” numbers SP2017/57 and SP2017/58. 

REFERENCES 
[1] STOLTE, G. Secondary Metallurgy. 1st ed. Verlag Stahleisen GmbH, 2002. 216 p. 
[2] LANGE, K. W. Thermodynamic and Kinetic Aspects of Secondary Steelmaking Processes. International Materials 

Reviews, 1988, vol. 33, no. 2, pp. 53-89. 

[3] GHOST, A. Secondary Steelmaking: Principles and Aplications. 1st ed. CRC Press, 2000. 344 p. 
[4] GRYC, K., STROUHALOVA, M., SMETANA, B., KAWULOKOVA, M., ZLA, S., MICHALEK, K., KALUP, A. Influence 

of Experimental Conditions of the Direct Thermal Analysis Method on the Course of Cooling for Selected Metallic 
Systems. In METAL 2015: 24th International Conference on Metallurgy and Materials. Ostrava: TANGER, 2015, 
pp. 123-128. 

[5] MERDER, T., PIEPRZYCA, J., SATERNUS, M. Analysis of Residence Time Distribution (RTD) Curves for T-type 
Tundish Equipped in Flow Control Devices: Physical Modelling. Metalurgija, 2014, vol. 53, issue 2, pp. 155-158. 

[6] MERDER, T., JOWSA, J., BOGUSLAWSKI, A. The Analysis of the Conditions of Steel Flow in the Tundish 
Performed by a Numerical Method. Archives of Metallurgy and Materials, 2005, vol. 50, issue 4, pp. 933-953. 

[7] FRUEHAN, R.J. The Making, Shaping and Treating of Steel: Steelmaking and Refining Volume, 11th ed. AISE Steel 
Foundation, 1998, 767 p. 

[8] MICHALEK, K., TKADLEČKOVÁ, M., GRYC, K., MACHOVČÁK, P. Evaluation of the Chemical Composition and 
Microcleanliness of the Steel Samples from the Heavy Forging Ingot. Archives of Metallurgy and Materials, 2013, 
vol. 58, issue 4, pp. 1161-1167. 

[9] GHOST, A., CHATTERJEE, A. Ironmaking and Steelmaking: Theory and Practice. 1st ed. PHI Learning, 2011. 472 p. 

[10] KAWAKAMI, K., TANIGUCHI, T., NAKASHIMA, K. Generation Mechanisms of Non-metallic Inclusions in High-
cleanliness Steel. Tetsu-to-Hagane. 2007, vol. 93, no. 12, pp. 743-752. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

229 

HIGH MOLYBDENIUM SILICON CAST IRON CRYSTALLIZATION PROCESS 

STAWARZ Marcin1, NUCKOWSKI Paweł Maciej2, DOJKA Malwina1 

1Silesian University of Technology, Faculty of Mechanical Engineering, Department of Foundry Engineering, 
Gliwice, Poland, EU, marcin.stawarz@polsl.pl   

2Silesian University of Technology, Faculty of Mechanical Engineering, Institute of Engineering Materials and 
Biomaterials, Gliwice, Poland, EU 

Abstract  

The article presents results of studies of silicon - molybdenum cast iron crystallization process. This material 
is use to work in high temperatures. The study included experimental melting (estimated chemical composition 
was: 4.5 %Si; 2.5 %Mo; 2.5 %C) and analysis of crystallization process. For examination the TDA equipment 
was used for registration of temperature changes in time and for calculation of derivative curve. The analysis 
of chemical composition of obtained samples using spectrometer GDS500A and Leco analyser was 
conducted. Metallographic examination of cast alloys was carried out on Phenom Pro-X scanning microscope. 
In order to determine the phase composition, X-ray diffraction studies of analyzed samples were performed. 
This studies were carried on the Panalytical X'Pert PRO diffraction system, using filtered radiation from the 
lamp with copper anode and PIXcel 3D detector on the diffracted beam axis. Obtained results allowed to 
described the crystallization process of ductile silicon - molybdenum cast iron (SiMo) designed to work in high 
temperatures. It was also possible to identify the elements of microstructure. 

Keywords: Crystallization process, thermal derivative analysis, SiMo, silicon cast iron 

1. INTRODUCTION  

The most important advantages of cast iron containing from 4-6 % silicon and molybdenum is low price, good 
oxidation resistance, dimensional stability, high resistance to high operating temperatures, thermal shock and 
temperature cycling resistance [1-3]. For most applications, the Mo content in the range of 0.5 to 1 % provides 
the appropriate strength in elevated temperature and creep resistance. Higher additions of molybdenum are 
used, when it is necessary to maximize strength at higher temperature. High molybdenum addition, more than 
1 % causes the formation of interdendritic type Mo2C [4] carbides which are stable even after annealing and 
decrease the strength and ductility of the alloy in room temperature [5]. 

The content of molybdenum in SiMo cast iron defines the specific application of alloy: 

 0.0-0.5 % for applications with large and fast cycling temperatures,  
 0.5-1.0 % for applications with creep (long time in high temperature), 
 1.5-2.0 % for applications that require a high strength in high temperature (creep resistance or very high 

temperature) [5]. 

The main applications of SiMo cast iron are: exhaust manifolds for combustion engines, gas turbine 
components, moulds for casting of zinc, titanium and brass alloys, stands, holders for heat treatment (cyclic 
temperature changes), the elements of furnaces for heat treatment etc. 

The material with nodular graphite has a stable ferrite structure (> 80 %), a small amount of molybdenum 
carbides (< 5 % for a molybdenum addition up to 2.5 %) and possibly some pearlite. When there is more than 
6.5 % silicon present, several silicon products that cause brittleness, are formed (silicides). 

In the temperature range between 600 °C and the Ac1-temperature, generally pearlite, bainite and martensite 
will transform into ferrite and graphite. This transformation causes a loss of strength and an increase in volume, 
which mostly causes small cracks. Therefore the percentage of pearlite of the material in service must be 
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limited. If there is too much pearlite in the as cast condition, this must be corrected by a heat treatment. The 
higher the service temperature, the lower the maximum allowed pearlite content has to be. This is because 
pearlite will transform faster, with increasing temperature, into ferrite and graphite, which is not preferred [6]. 

The addition of silicon for SiMo cast iron should be between 4 and 6 %. The following rule can be noticed: the 
higher the silicon content, the greater is the resistance of the alloy to oxidation. Keep in mind that as the Si 
content increases, the tensile strength increases as well while the plasticity is decreasing. Too high Si content 
results in the formation of silicon compounds with iron [7] which increase the brittleness of the alloy. 
Molybdenum counteracts graphitization during eutectic crystallization, but significantly less than chromium. 
The eutectic carbide (Fe, Mo)23C6 appears, when the Mo content is over 1 % for ductile iron and for the cast 
iron with flake graphite over about 2 % of Mo. Due to the high Mo content, those carbides do not decompose 
even during long-term heat treatment, they can only be nodularized. Molybdenum is also present in the cast 
iron as a cementite and M7C3 and M2C carbides [8].  

An increasing molybdenum content will increase the pearlite content. Therefore it is preferred, for high 
molybdenum contents, to do a heat treatment [6]. 

Manganese promotes pearlite formation and therefore the level must be limited. The maximum value is  
0.5 %. The disadvantage is that the presence of manganese sulfides decrease strength at higher 
temperatures. 

2. RESEARCH DESCRIPTION AND RESULTS DISCUSSION 

2.1. Methodology 

Experimental melts were conducted in the induction furnace with medium frequency and the capacity of 25 kg 
[9-12]. The charge consisted of steel scrap with low sulphur content [13-14]. Other ingredients added during 
the melting was ferrosilicon FeSi75, Ranco carburizer and FeMo65 rich alloy. Magnesium rich alloy used in 
the studies was FeSiMg5RE. The spheroidization process of cast iron was conducted in the bottom of the 
ladle. The TDA analysis was conducted using Crystaldigraph NT-2T converter with the Electronite cup-shaped 
tester with shell mould that contained NiCr-Ni thermocouple (K-type) [10]. During melting the temperature of 
liquid metal in the furnace was controlled by immersion thermocouple (type S). Samples for chemical analysis 
were taken from the ladle after the spheroidization of cast iron. Metallographic examinations were carried out 
using SEM technology (Phenom Pro-X Scanning Electron Microscope with EDS). The analyzed microsections 
were etched with 5 % nital and not etched. Chemical composition analysis was performed on a Leco GDS500A 
spectrometer. Additionally, the content of carbon and sulfur was determined on the C and S Leco analyzer 
(CS125 Carbon-Sulfur Determinator). In order to determine the phase composition, X-ray diffraction studies of 
analyzed samples were performed. This studies were carried on the Panalytical X'Pert PRO diffraction system, 
using filtered radiation from the lamp with copper anode and PIXcel 3D detector on the diffracted beam axis 
[15]. Measurement was made by step method using cobalt Kα radiation coupling continuous scanning in 2θ 
range of 20-120° with current flow 1.7909 A, step space 0.026° and scanning time per step 100 s. 

2.2. Chemical composition 

The results of the chemical composition analysis for the analyzed melt were presented in Table 1. The results 
for C and S were corrected based on the results of C and S analysis with Leco Carbon-Sulfur Determinator 
CS125. 

Table 1 Chemical composition of tested cast iron 

*C (%) Si (%) Mo (%) Mn (%) P (%) *S (%) Mg (%) 

2.48 4.42 2.59 0.83 0.022 0.0097 0.034 

*Corrected result based on carbon and sulfur analysis on CS125 Carbon -Sulfur Determinator from Leco 
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2.3. TDA analysis 

Figure 1 shows a graph of temperature changes over time with the calculated first temperature derivative over 
time for the analyzed alloy. The thermal effect corresponding to the liquidus temperature is clearly seen. The 
liquidus temperature for tested alloy is 1188 °C. Another thermal effect from eutectic crystallization is visible 
for the time interval 111 and 163 s, in the temperature range 1111 °C and 1104 °C. At 1054 °C there is the 
maximum heat generated by the crystallization of the Mo2C carbide phase. Between temperatures 1000 °C 
and 800 °C minor thermal effects are visible on the temperature derivative curve, which are caused by the 
crystallization of silicide phases, for example MnSi. In the range of temperatures between 796 °C - 695 °C the 
eutectoid transition was recorded.  

 
Figure 1 TDA curves for SiMo ductile iron 

2.4. Metallographic analysis 

The results of metallographic examinations were presented in Figure 2. Dark graphite precipitates can be 
clearly seen in the metal matrix consisted of light precipitates of carbide phase enritched with molibdenum 
(Figure 2b) and pearlite (dark areas). Lokaly, around the graphite precipitates the ferrite matrix was noticed. 
The degenerated graphite precipitates were also observed analyzed metallographic section which are visible 
in Figure 2a.  

 
Figure 2 Microstructure of SiMo ductile iron, SEM 

2.5. EDS analysis  

Figure 3 shows the selected place of microstructure of experimental alloy, where the line scan was conducted. 
The results of linear EDS analysis for the examined areas of microsection were presented below.  
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Figure 3 SiMo ductile iron EDS analysis. a) linea scan of spheroidal graphite, b) linea scan of molybdenum 
carbide phase 

Figure 4 presents the map analisis of alloy matrix. The light molibdenum carbides and dark pearlite phase are 
visible in the metal matrix. Conducted map analysis of this place confirmed that the analyzed light areas in 
Figure 4 are enriched with molibdenum (marked with blue). There can be also seen the Fe distribution (marked 
with yellow) and Si (marked with green).  

 

Figure 4 SiMo ductile iron EDS analysis. a) iron map, b) silicon map, c) molybdenum map 

2.6. X-ray diffraction analysis  

The X-ray diffraction allowed to identify phases forming the alloy. The results of this analysis were presented 
in Figure 5. The carbide phase with high amount of molibdenum were defined as Mo2C molibdenum carbide. 
In analyzed alloy there is also cementite (Fe3C) as the component of pearlite. The silicide phase is also present 
in the sample as MnSi silicide [16]. 

a) 

a) 

b) 

b) 

a) b) c) 
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Figure 5 SiMo ductile iron X-ray diffraction analysis 

3. CONCLUSION  

The conducted studies allowed to record the characteristic temperatures of phase transitions [17] during the 
crystallization of tested alloy. The thermal effect corresponding to the liquidus temperature is clearly seen on 
TDA graph. The liquidus temperature for tested alloy is 1188 °C. Another thermal effect from eutectic 
crystallization is visible for the time interval 111 and 163 s, in the temperature range 1111 °C and 1104 °C. At 
1054 °C there is the maximum heat generated by the crystallization of the Mo2C carbide phase. Between 
temperatures 1000 °C and 800 °C minor thermal effects are visible on the temperature derivative curve, which 
are caused by the crystallization of silicide phases, for example MnSi. In the range of temperatures between 
796 °C-695 °C the eutectoid transition was recorded. Basing on obtained results all the phases appearing in 
the alloy were identified. The analyzed SiMo cast iron microstructure consists of nodular graphite with a small 
amount of degenerated graphite with a distribution similar to interdendritic. Another component of 
microstructure is the molybdenum carbide (Mo2C), clearly visible in the form of bright precipitates. There is 
also perlite and ferrite in the matrix of the tested cast iron. In this case, the presence of perlite in the alloy which 
will be working in high temperature conditions is harmful due to the possibility of small crack formation during 
cyclic temperature changes where the alloy should operate. Therefore, it is proposed to remove pearlite by 
applying heat treatment (ferritic annealing) and reduce the Mn content in the metal charge. In the analyzed 
case, silicide phase MnSi is also present in the cast iron matrix. Those phases decrease the tensile strength 
at high temperature conditions so therefore they should be eliminated by decreasing the Mn content in the 
charge material.  
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Abstract  

During continuous casting of steel, a centerline porosity formation frequently occurs and participates 
on decrease of internal quality of continuously cast billets. To avoid the centerline porosity formation, 
a description of casting parameters connection with centerline porosity is necessary. This paper is focused 
on study of casting speed influence on centerline porosity formation in continuously cast round steel billets 
through a numerical modelling. Centerline porosity formation is closely related with solidification of billet which 
can be affected by casting speed change. Usually, in real conditions, the change of casting speed includes 
a change of cooling conditions both in primary and secondary zone. For determination of influence 
of technological parameter on observed quantitative parameters of billet, only casting speed was changed 
during numerical modelling while keeping cooling intensity. With relation of casting speed changes, 
the attention was paid also on metallurgical length which effects centerline porosity formation. Metallurgical 
length shortening should lead to reduction of centerline porosity formation. In accordance with literature 
knowledge, the increasing of fraction solid due to decreasing of casting speed was confirmed. Fraction solid 
increasing was caused by increase of time which billet spent in cooling zones. Mentioned fact affected 
positively metallurgical length shortening. Centerline porosity was evaluated by liquid pressure in centerline 
region of billet. The porosity formation can be assumed at zero liquid pressure in centerline region. It was found 
out that with decrease of casting speed, the liquid pressure in centerline region increased. Thus, occurrence 
of centerline porosity decreases with decrease of casting speed. 

Keywords: Steel, continuous casting, numerical modelling, metallurgical length, centerline porosity 

1. INTRODUCTION 

Currently, over 2.5 thousand steel grades are casting by continuous casting technology. Universal setting 
of caster is impossible. Thus, during continuous casting, conditions leading to defects formation in billets can 
develop. These defects cause decrease of quality of billets and can participate on final products quality 
degradation. Particularly, in the case of internal defects which cannot be removed, their presence can lead 
to scrapping of the billet, eventually a final product. Internal unremovable defects include also centerline 
porosity. [1, 2]  

The aim of this paper is numerical study of solidification of continuously cast round steel billets considering the 
centerline porosity formation. The relations between temperature field, metallurgical length and variable 
casting conditions will be described. Based on numerical model results, tendency to centerline porosity 
formation under various casting speed will be evaluated and a suitable adjustment of casting speed will be 
recommended with respect to billet high internal quality achievement. 

Centerline porosity formation occurs in thermal axis region of billet when the supplementation of a melted steel 
in the final stage of solidification is interrupted - region MZ (two phase region) in Figure 1. MZ region 
is bounded by point L (liquidus) in top and by point S (solidus) in bottom. Between these points a mushy zone 
(two-phase region of solidification) is located. [3, 4]  
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Mushy zone included dendrite skeleton mesh which 
density increases with shortened distance from point S 
and with increase of fraction solid amount during 
solidification. [5] Between dendrites, capillary forces act 
and represent resistance to feeding of solidifying area in 
locations where the feeding by melted steel is necessary. 
If the capillary forces are bigger then feeding pressure, 
the supplementation of molten steel to solidifying area 
is interrupted and centerline porosity formation occurs 
due to shrinkage of steel. If we want healthy billet even in 
its thermal axis, it is necessary to ensure 
directed solidification (see Figure 1a). It means that 
solidification fronts progressing from billet surface should 
form an angle ω which reaches some critical value ωKR. 
If ω < ωKR, the MZ region and metallurgical length of billet 
extends and conditions for centerline porosity formation 
are getting better (Figure 1b). 

2. NUMERICAL MODELLING PROCEDURE AND 
SUMMARY OF SUGGESTED VARIANTS 

Numerical modelling can be divided into three stages: 
1. Preprocessing - input data preparation, 
thermodynamic properties of steel determination, 
computational mesh and geometry creation, numerical 
model definition; 2. Processing - computation; 
3. Postprocessing - results evaluation etc. Detailed 
description of the whole procedure of numerical 
modelling of continuous casting, including 
thermodynamic properties determination, was stated in previous publications [6-10].  

With the aim of prediction of centerline porosity formation in continuously cast round steel billets, numerical 
simulations in computational software ProCAST was carried out. Billets temperature field was simulated using 
Thermal Module which is one of modules included in ProCAST software. Also, solidification of simulated 
variants was computed using Thermal Module. For prediction of centerline porosity formation, Advanced 
Porosity Module was chosen. [11] 

To capture of influence of casting speed on centerline porosity formation, three variants of numerical 
simulations, for which only casting speed was changed, were computed. Other technological parameters 
as casting temperature, meniscus position etc., were set as constant as well as heat losses from billet. Setting 
of each suggested variant is shown in Table 1. 

3. RESULTS AND DISCUSSION  

3.1. Thermal Module results 

In Figure 2 the temperature field of simulated variants is shown. Billets surface temperature field evolving 
during casting with changing casting speed are plotted in Figure 3. As can be seen, the surface temperature 
decreases with decrease of casting speed.  

Relating centerline porosity, metallurgical length and mushy zone were observed. Figure 4 visualizes 
distribution of liquid core (metallurgical length) and solid fraction along the billets. Figure 5 shows 

 

  a)      b) 
Figure 1 Solidification conditions a) for 

minimization of centerline porosity formation; 
b) supporting centerline porosity formation [3] 

Table 1 Setting of suggested variants 

Variant 
Casting 

Temperature 
Casting 
Speed 

(°C) (m.min-1) 

A tL + 38 v - 0.1 
B tL + 38 v 
C tL + 38 v + 0.1 
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a metallurgical length dependence on casting speed. The metallurgical length increased with increasing 
casting speed. 

Based on results of liquid and solid fraction distribution, length of mushy zone in thermal axis 
at the end of liquid core was measured. In case of mushy zone, increase of its length with increasing casting 
speed was found out (see Figure 6). Also, correlation between metallurgical length and mushy zone length 
was observed (Figure 7). With increasing metallurgical length, the mushy zone length was extended. 

 
 

 

Figure 2 Billets temperature field  
(from left to right A, B, C) 

Figure 3 Billets temperature field evolution in 
dependence of casting time at different casting 

speeds 

  
 

Figure 4 Billets metallurgical length  
(from left to right A, B, C) 

Figure 5 Metallurgical length dependence on 
casting speed 

  

Figure 6 Mushy zone length dependence on 
casting speed 

Figure 7 Relation between metallurgical length and 
mushy zone length 
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3.2. APM Module results 

Through Advanced Porosity Module results, formation of centerline porosity was computed. Based on Liquid 
pressure and Micro porosity results, inclination to centerline porosity formation under various casting speed 
of simulated variants was evaluated. Liquid pressure introduces pressure of liquid fraction inside the billet. 
If the liquid pressure value in axis region reaches 0 bar, we can expect centerline porosity incidence. However, 
occurrence of zero liquid pressure value in billet does not necessarily mean the centerline porosity formation. 
If such a case occurs, it is appropriate to confirm centerline porosity incidence on Micro porosity results. 

For evaluation of centerline porosity formation, a part of billet was chosen which already didn´t contain liquid 
core. Evaluated region corresponds to 1.5 m long part of billet in the end of simulated region. In this part, liquid 
pressure results were evaluated. 

Visualization of Liquid pressure results is shown below. Figure 8a represents liquid pressure results 
in longitudinal sections of all three simulated variants. The variants are sorted from the lowest casting speed 
to the highest. As expected, axial region of billets was proved as critical at all three variants. As can be seen, 
in each variant axial region, liquid pressure decrease in different ranges was detected. In case of variant A, 
only minimal pressure drop occurred in small volumes in axial region. For variant A, zero value of liquid 
pressure wasn’t found. Similar results were found for variant B. Also in case of variant B, zero value of liquid 
pressure wasn´t found but minimal pressure drop was detected in little larger volumes compared with variant A. 
Not very satisfactory results were obtained for variant C which was casted by the highest casting speed 
(v + 0.1 m.min-1). Results of variant C shows liquid pressure drop in relatively large volumes in axial part. 
In one of these volumes, value of liquid pressure approaching 0 bar was measured. Figure 8b represents 
cross-section of simulated variants and compares the size of the volumes with lower liquid pressure. Cross-
section of variant C shows the case in which the value of liquid pressure approaching 0 bar was obtained. 

 

   

   

Figure 8 Liquid pressure results a) longitudinal section b) cross-section of billet (detail of axis region) 

B A C 

a) 

b) 
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For easier and more accurate evaluation, export of Liquid pressure data from postprocessor Visual Viewer 
was carried out. This data was plotted into graph which is shown in Figure 9. In Figure 9 distribution of liquid 
pressure values in range from -5 to +5 mm around billet axis (0 value on x axis represents the billet centerline 
axis) can be seen. In accordance with visualization of liquid pressure results (Figure 8) we can say that in case 
of variant A and B the centerline porosity formation didn´t occur. Based on visualized results of variant C, 
accurate determination of presence of volumes with zero liquid pressure was difficult. However, as shown 
in Figure 9, in the case of variant C, drop of liquid pressure to 0 bar didn´t occur. Likewise, the results 
of Microporosity didn´t confirm the centerline porosity incidence of variant C. It can be concluded that under 
current setting of boundary conditions, when casting speed changes in said range (v - 0.1 to v + 0.1 m.min-1) 
and under constant casting temperature, the centerline porosity formation does not occur. 

 

Figure 9 Distribution of liquid pressure in axis area of billets 

Figure 10 represents dependence of liquid pressure on casting speed. Liquid pressure increases with 
decrease of casting speed. Figure 11 summarizes the relations between metallurgical length, casting speed 
and liquid pressure. Size of marks is directly proportional to value of liquid pressure. It means that with 
decrease of mark size, liquid pressure decreases and it results in increase of probability of centerline porosity 
formation. 

  

Figure 10 Dependence of liquid pressure on 
casting speed 

Figure 11 Relation between metallurgical length, 
casting speed and liquid pressure 

4. CONCLUSION 

With the aim of centerline porosity prediction, numerical simulations of solidification of continuously cast round 
steel billets in numerical software ProCAST was carried out. Temperature field, solidification and centerline 
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porosity was simulated. Conclusions of temperature field and solidification results evaluation 
can be summarized in following points: 
 Surface temperature of billet decreases with decreasing casting speed; 
 Metallurgical length shortens with decreasing casting speed; 
 Mushy zone length shortens with decreasing casting speed.  

Centerline porosity was evaluated through Liquid pressure results, which represented pressure of liquid 
fraction in billet. With decrease of liquid pressure in billet axis probability of centerline porosity formation 
increased. In each variant, axial region was proved as critical as expected. Conclusions of centerline porosity 
evaluation can be summarized in following points: 
 Size of volumes with lower liquid pressure increased with increase of casting speed; 
 Liquid pressure in billet axis decreased with increase of casting speed and extend of metallurgical 

length; 
 Under current setting of boundary conditions, centerline porosity presence wasn’t found out. 

Based on presented numerical research, continuous casting of steel with lower casting speed can 
be recommended. With decreasing casting speed quality of continuously cast round steel billets generally 
improves. Of course, the casting speed must be select with respect to a casting temperature of steel. If the low 
casting speed in combination with low casting temperature is set, it may lead to thermal stresses formation 
and resulted in cracking of billet.  
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Abstract  

The paper presents a study of the chemical composition and selected thermal operations on uniformity of the 
structure and properties of 75 mm thick cast iron (casting mould YIV). HB hardness distribution was 
investigated on cross-section of the samples. Rp02, Rm, A5 was determined from tensile specimens cut from the 
centre and outer sections of the casting YIV. Samples were taken from two plates cut at intervals of 25 mm 
from the bottom of the casting. Metallographic microsections were made of the grip sections of the tensile 
specimens. It was found that the applied heat treatment ferritizing annealing, normalizing and the additive alloy 
(Cu) reduce differences in mechanical properties and structure of matrix in thick-walled castings. 

Keywords: Thick-walled castings, cast iron, heterogeneity, structure, mechanical properties 

1. INTRODUCTION  

The worldwide increase in use of ductile iron casting can be observed constantly. Over the last few years there 
was an increase of interest in thin and thick wall ductile iron casting solidification. Metallurgical examination 
after solidification and cooling to room temperature were the main subject of studies. This includes a phase 
transformation during cooling process.  

Typical commercial ductile cast iron in cast condition have a microstructure of spheroidal graphite, ferrite and 
perlite matrix. This microstructure has significant importance on mechanical properties [1].  

During the stable eutectoid reaction, austenite decomposes into ferrite and graphite. At the graphite/austenite 
interface the ferrite is nucleating and grows symmetrically around the spheroidal graphite, as the ferritic 
reaction undergoes. Diffusion of carbon through the ferrite shell controls this growth. Therefore this is quite a 
slow process and the temperature of the metastable eutectoid might be reached before the complete 
transformation of austenite [2]. 

Increase of weight and wall-thickness of the cast iron castings impair several mechanical properties especially 
elongation. That degeneration of graphite morphology in the thermal centre of heavily wall-thick ductile cast 
iron castings is often caused magnesium fading and chemistry segregation. This is the reason for a difference 
in mechanical properties between the test coupons separately cast and the samples cut from the heavy 
castings. That results in difficulty of obtaining a reliability of ductile cast iron castings. There has been little 
systematic research in heavy castings, although this degradation is presumed to be related to the 
microstructural change through the wall-thickness. [1- 6]. 

The current paper presents the results of ferritizing annealing and normalizing of thick wall ductile cast iron 
castings. 
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2. EXPERIMENTAL PROCEDURES 

For the verification of the thesis, the hardness distribution, mechanical properties (Rm, Rp0,2, A5) were 
determined and the microstructure on cross sections of standard YIV castings with a wall thickness of 75 mm 
was evaluated. The homogeneity of the analyzed properties was determined by statistical methods. 

Research material  

Two types of ductile cast iron were used for the study: non-alloyed cast iron and copper alloyed cast iron. The 
chemical composition of the cast iron is shown in Table 1. Fusible ingots of EN-GJS-400-15 (non-alloyed) 
ferritic iron and perlitic-ferritic EN-GJS-600-03 (copper) were made in the Foundry "Śrem" S.A. They were cast 
into YIV sample molds (wall thickness 75 mm). Figure 1 shows the size of the test sample (according to PN-
EN 1563: 2012). Figure 2 shows the method of cutting the samples for testing. The basic mechanical 
properties of cast iron and critical temperatures are shown in Table 2.  

Table 1 Chemical composition [wt. %] 

Cast iron C Si Mn P S Cr Cu Ti 

non-alloyed 3.82 3.21 0.17 0.059 0.019 0.01 0.12 0.19 

alloyed 3.39 2.62 0.29 0.042 0.010 - 0.51 - 

 Mg Ni Mo V Al  KG Sc 

non-alloyed 0.047 0.008 0.002 0.009 0.0026  12.10 1.18 

alloyed 0.046 0.72 - - -  - - 

Table 2 Mechanical properties and critical temperatures of ductile cast iron 

Cast iron Rm MPa A5 % Hardness HB Ac11 Ac12 Ar11 Ar12 Tgr 

non-alloyed 471.0 13.0 171.0 855.0 911.5 818.0 743.0 768.5 

alloyed 603.0 2.9 233.6 834.3 893.3 798.0 732.7 715.3 

 

    Figure 1 Dimensions of the test ingot YIV (PN-EN 1563:2012)  Figure 2 Plates cutting method 

Heat treatment  

Only non-alloyed cast iron was processed. Ferritizing annealing and normalization were performed. The heat 
treatment was carried out in a PSK7 furnace, whose accuracy was ± 5 °C. The ferritizing annealing scheme is 
shown in Figure 3a, and the normalization in Figure 3b. 
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a)        b)  

Figure 3 Diagram of the heat treatment: a) ferritizing annealing, b) normalizing  

2. RESULTS 

Hardness measurements were made on the cut plates. Measuring trace is visible in Figure 4. Table 3 show 
average measurement results of no-alloyed cast iron after ferritizing annealing and normalizing. Figure 5 show 
distribution of hardness on plates  

 
Figure 4 Scheme of distribution of measuring points on cut plates 

Table 3 Results of hardness measurements  

Cast iron State after: Hardness HB/ no. of horizontal measurement trace 

1 2 3 4 5 

 

 

non-alloyed 

casting 169,80 169,59 168,25 168,35 168,55 

ferritizing 163,63 163,45 163,39 163,62 163,66 

normalizing 247,77 247,70 247,51 247,55 247,83 

alloyed casting 243,52 243,84 244,07 243,70 243,43 

 
Figure 5 Distribution of hardness after: a) casting non-alloy cast iron, b) casting copper alloy 
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Figure 6 Comparison of standard deviations of the hardness measurement 

 
a) 

  
b)  

 
c) 

Figure 7 Relationship of Rm and A5 on the position on the plate of non-alloyed cast iron after: a) casting,  
b) ferritizing annealing, c) normalizing 
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Tensile tests were performed on the INSTRON 8502. The test was carried out on fivefold strength sample with 
a diameter of 10 mm. Table 4 shows the values of A5, Rm and R0.2 read from the graphs. 

3. DISCUSSION  

Non-alloyed cast iron has a ferritic-perlite structure with a content of about 15 % perlite. Alloy cast iron structure 
was pearlite-ferrite content of about 20 % ferrite. 

The hardness of non-alloyed cast iron ranged from 157.1 to 177.3 HB after casting. Ferritizing annealing 
caused a decrease in average hardness by about 5 HB units relative to the state after casting. Normalizing 
showed a significant increase in hardness and ranged from 246.7 to 247.5 HB. 

Table 4 Results of the tensile test of researched cast iron after casting, ferritizing annealing and normalizing 

Cast iron State after: Parameter: A5, % Rm, MPa R0.2 MPa 

 

 

non-alloyed 

casting average 11.01 466.70 357.20 

standard deviation 2.05 8.94 1.43 

ferritizing annealing average 12.65 422.30 339.52 

standard deviation 5.09 29.15 7.93 

normalizing average 2.52 654.25 503.23 

standard deviation 0.64 31.30 6.80 

alloyed casting average 2.98 590.30 449.95 

standard deviation 0.84 37.37 7.51 

Differences in average hardness after heat treatment are a straightforward consequence of the structural state 
of the metallic cast iron matrix. Ferritizing annealing results in a decrease in perlite by about 3 %. Reduction 
of hard perlite content from about 15 % to about 3 % due to ferritizing annealing results in a decrease in 
hardness. Normalizing causes significant increase in the perlite content by about 70 % in comparison to the 
state obtained after casting. Therefore, a general increase in hardness of about 80 HB is observed. The 
average hardness of alloy cast iron is 244 HB and is very close to the values of non-alloyed cast iron after 
normalizing. 

In the evaluation of homogeneity of the hardness on the casting section, the statistical parameter - standard 
deviation (Figure 6) is decisive. Non-alloyed cast iron after the casting shows the largest scatter around 
average hardness. Each heat treatment and the addition of Cu in alloy cast iron significantly reduces the 
standard deviation of the analysed property. 

Iron after the casting has the structure resulting from primary and secondary crystallization (solid state). In 
thick-walled castings, chemical microsegregation and structural segregation are strong. This adversely affects 
all properties of castings. Segregation in thick-walled castings and changes in graphite shape determine the 
degree of heterogeneity of the structure, and consequently the properties of the cast. The only way to reduce 
microsegregation in castings is heat treatment. The heat treatment used in the work (Figure 3) include an 
austenitizing treatment. During this process homogenizing of the cast iron matrix metal occurs and especially 
the equalization of silicon and manganese concentration. 

Alloyed cast iron, after casting, has a much greater homogenity in hardness distribution than non-alloy cast 
iron (Figure 5). The copper addition induces general perlitization of the matrix and shows reverse segregation. 

Based on the results of the mechanical properties test (Figure 7) it can be stated that the value of the 
elongation A5 in non-alloyed cast iron, after the casting, is in the range of 9.90 % to 14.82 % for plate 1. For 
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plate 2, value range from 9.40 % to 10.54 %. After the ferritizing annealing of non-alloy cast iron, the value of 
elongation A5 for plate 1 is 13.49 % to 17.50 %, and for plate 2 is from 2.89 % to 13.75 %. 

It has been observed for non-alloyed cast iron in both states: after castings and after ferritizing annealing, that 
elongation A5 has the highest values at the edges of plate 1 due to the crystallization rate. Values of A5 
indicate that in this cast iron there is a ferritic-perlite matrix structure. In non-alloyed cast iron after ferritizing 
annealing an increase in elongation was observed in comparison to cast iron after casting, due to the reduction 
of hard pearlite. 

However, for non-alloyed iron after normalizing elongation A5 has an average value, for both plates, around 
2.52 %, and the decrease is caused by the formation of perlite matrix. 

The elongation value for alloyed cast iron (Tables 3 and 4) is 2.98 % and is very close to A5 of non-alloyed 
cast iron after normalizing. In alloyed cast iron, the highest values are in the middle of the plate 1. 

Based on the results of the distribution of, the following observations can be made: 

 The average Rm value for non-alloyed cast iron after casting is 466.77 MPa and the highest values are 
observed at the edge of the plate, 

 For non-alloyed cast iron after ferritizing annealing, a 10 % lower Rm value is observed in comparison 
to cast iron after casting, 

 Non-alloyed cast iron after ferritizing annealing have the value of Rm higher by 187.55 MPa in 
comparison to cast iron after casting (no relationship), 

 Alloyed cast iron and non-alloyed cast iron after normalizing have a similar range of values of Rm.  The 
highest value is observed in the center of the plate. The addition of copper inhibited the growth of 
graphite. 

Heat treatment of ductile cast iron enables the formation of matrix structure in a very wide range. 

The mechanical strength of ductile cast iron is mostly influenced by shape and size of the graphite and, to a 
lesser extent, its distribution. Heat treatment has no significant effect on the distribution, size and shape of the 
graphite. Graphite stereometric features strongly influence the properties of cast iron. The solidification zones 
at the end of the liquid are enriched with additives deforming the graphite. This affects the level of homogeneity 
and mechanical properties. 

4. CONCLUSSION  

Based on the conducted research and analysis of results, the following conclusions can be drawn: 

 The largest heterogeneity on castings at the cross-section of a thick-walled cast occurs in non-alloyed 
cast iron, 

 Heterogeneity of hardness can be significantly reduced by heat treatment with high temperature 
treatment, long-lasting austenitization, during which there is a reduction in micro-segregation and 
structural segregation, 

 An effective way to limit the heterogeneity of properties in thick-walled castings is the addition of copper, 
 The mechanical properties Rm, Rp0,2, A5, are dependent on where the sample is taken from the thick-

walled cast. The higher the cooling rate during crystallization, the better their values are. 
 In further studies the heterogeneity of the thick-walled castings of ductile cast iron, a quantitative 

assessment of the graphite and matrix composition in relation to mechanical properties would be 
required. 
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Abstract  

This paper presents actual computational possibilities and experiences from the modelling of qualitative 
parameters of continuously cast steel billets in ProCAST simulation software achieved during a solving 
of research projects with industrial partners. The ProCAST simulation programme is a part of the equipment 
of the “Laboratory of modelling of processes in liquid and solid phases” of the “Regional Materials Science and 
Technology Centre” at the Faculty of Metallurgy and Materials Engineering at the VSB - Technical University 
of Ostrava. In the paper, the list of the required results is reported and based on own practice, the suitable 
form of their post-processing is recommended. According to the required results for radial continuous casting 
of steel billets, the most appropriate way of the definition of the numerical model with a finite element mesh 
and computation procedure are described. Also, the problems with determination of the thermodynamic 
properties of materials are discussed. 

Keywords: Steel, continuous casting, numerical modelling, porosity, hot tears 

1. INTRODUCTION 

Continuous casting technology is currently the primary method in production of steel billets. In continuous 
casting, a ladle is placed over a tundish which feeds one or more moulds beneath through a submerged entry 
nozzle. The mould area is the zone of primary cooling. Molten steel solidifies and shrinks in the mould, 
inevitably forming a gas gap which is a restrictive condition in continuous casting, between the solidified shell 
and the mould’s copper wall. The mould design should adapt to the heat shrinkage of the billets, therefore 
a converse taper is recommended to use for the mould inner cavity to reduce the formed gap, increase the 
thickness of the solidified shell, and to improve the casting speed and the surface quality of the billets  
[1, 2, 3]. The steel strand is continuously withdrawn from the mould by the guide and pinch rolls. Immediately 
below the mould, the strand meets a series of water-mist sprays that help extract a significant portion of heat 
from the moving strand, thereby completely solidifying the steel. We are talking about the zone of secondary 
cooling.  

The primary and secondary cooling must ensure the continuous casting of steel without strand breakouts and 
other interruptions with an acceptable level of external and internal defects. The very intensive cooling in the 
secondary zone, the very high casting speed, the very high casting temperature, the deflection of the guide 
and pinch rolls, the too big pressure of the pinch rolls, the surface reheating of the billets in the secondary 
cooling zone can be the source of the internal hot tears or cracks, porosity and segregation 
[4, 5, 6, 7]. But the internal defects also depend on the steel cleanness that is a function of the conditions 
of refining of steel during secondary steelmaking and casting [8].  

One of the ways how to monitor and optimize the processing parameters of the continuous casting technology 
and the quality of the semi-finished products is the application of numerical modelling [9], in which numerical 
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methods are used for solving mathematical equations of the mass transfer, movement and energy. Currently, 
many types of simulation software exist [10] and for users it is very complicated to choose the best one for 
optimization of specific process. Therefore, the paper presents the actual computational possibilities and 
experiences of the modelling of the qualitative parameters of the continuously cast steel billets in ProCAST 
simulation software achieved during the solving of research projects with industrial partners.  

2. REQUIRED RESULTS AND THEIR POST-PROCESSING 

The process of solidification of continuously cast steel billets relates with kinetics of billet temperature field. 
Therefore, the numerical modelling of the qualitative parameters (such as thickness of the shell in the end 
of the mould, the metallurgical length, the centerline porosity, the hot tears and cracks, or segregation) is 
possible only with knowledge of the temperature field of the billet along the casting strand from the bath level 
in the mould to the end of the secondary cooling zone. The temperature field is established by solving the 
Fourier heat conduction equation, including the latent heat release during solidification. The ProCAST 
simulation program solves the partial differential equations using the finite element method. 

As it can be seen from numerical modelling results of paper’s authors, in Figure 1a the temperature field  
(TA, TB) through the cross section (A) and on the surface (B) of the cast format is usually evaluated. The 
determination of the thickness of the shell in the end of the mould (ST) and the metallurgical length (C) is better 
to predict from the Fraction Solid (FSC,ST) where the colour scale of temperature is transfer to the colour of the 
melt and solid phase (grey colour typical for solid steel). For the purpose of results comparison with real plant 
data (from the pyrometers), the point analysis of temperature is also suitable (see Figure 1b).  

a)  

 

b) 

 

Figure 1 The examples of numerical modelling results  
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In the case of numerical modelling of continuous casting of steel billets in ProCAST, the range of porosity can 
be predicted using the Advanced Porosity Module [11]. The Advanced Porosity Module (also called APM) uses 
the multi-gas approach in order to model gas and shrinkage microporosity, as well as macroporosity and pipe 
shrinkage. The porosity module is based upon the model developed by Pequet, Gremaud and Rappaz [12, 
13]. The porosity is predicted in the positon of the zero pressure of liquid phase in the center of the continuously 
cast steel billets, as can be seen from the Figure 2.  

The prediction of hot tears is possible with use of so called Hot Tearing Indicator (HTI) which indicates the 
depletion of material plasticity above the solidus temperature (see Figure 3a), usually in the position just below 
the mould (starting point of occurring hot tears). The HTI is a "strain-driven" model based upon the total strain 
which occurs during the solidification. A detailed description of the model of the calculation of the HTI recently 
derived by Rappaz, Drezet and Gremaud can be found in [14, 15, 16]. The Cracking criterion (see Figure 3b) 
predicts the risk of integrity breaking of the material on/under the surface when the surface temperature of 
billet is about 400 °C. During the evaluation of the results of the prediction of the risk of the hot tears and 
cracks, the temperature field with the Cooling Rate and also with the Average Normal Stress is good to give 
to the mutual context.  

 

 

 

Figure 2 The Liquid Pressure (LP) in the final stage of the local 
solidification of continuously cast steel billet and the final detected 

total centerline porosity in the cross section of billet 

Figure 3 The examples of a) 
Hot Tears Indication (HTI) and 

b) Cracks in steel billet 

3. ALGORITHMS OF NUMERICAL MODELLING 

During the solving of the research project with the industrial partners, two approaches of numerical modelling 
with use of finite element method were applied using the ProCAST simulation program: the numerical 
modelling under Steady State Thermal Conditions and the numerical modelling with Traveling Boundary 
Conditions. The results of both approaches must be the same although they differ in the preprocessing and 
processing phase, especially in the preparation of geometry, in the definition of heat transfer during the billet 
casting, respectively in the computation of the heat transfer with respect of moving of billet through the 
individual cooling zones. The thermodynamic properties of steel, as well as the boundary and the operational 
conditions were the same for both types of algorithms. 
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3.1. Algorithm of Steady State Thermal Conditions of Numerical Model 

In the first case, the Steady State Thermal Conditions (SSTC) of computation of defined numerical model was 
used. The results of SSTC algorithm show the steady state during the continuous casting. Therefore, only the 
last saved step of computation can be used for evaluation of achieved results.  

Under SSTC computation, the geometry of modeled area of radial continuous casting of steel consists of the 
simplified mould and of the billet which usually represents the entire curved section and also the straight section 
of the cast strand. In order to simulate the metallurgical length, the geometry must be drawn up to the end of 
the secondary cooling zone. So according to rough calculation, another approximately 5 m straight section of 
the strand must be then added to the curve.  

As it can been seen from Figure 4a, the mould 
geometry can also introduce only the simple tube 
which is on its inner side in contact with the strand, and 
on its outer side cooled by water flowing in a closed 
circuit. The level of steel in the mould can be marked 
from its upper edge. During the modeling of mould 
geometry, it is recommended to neglect a converse 
taper due to the subsequent method of mesh 
preparation for application of finite element method. If 
the heat computation is only considered, the 
submerged entry nozzle can be also neglected. The 
mesh should be prepared with respect of expected 
results. For example, if the shell thickness has to be 
predicted, so the refinement of the mesh near the 
surface of the billet is good to carry out (see Figure 
4b). But the use of finer mesh increases the final 
number of computational elements and therefore also 

causes the prolongation of computational time. In SSTC computation, the water-cooling in mould is defined by 
a heat flux boundary condition. Secondary cooling and the rolls are replaced with the thermal boundary 
condition. 

3.2. Algorithm of Traveling Boundary Condition  

In the second case, the algorithm of Traveling Boundary 
Condition (TBC) was used. The computation with use 
of Traveling Boundary Condition is interesting at first 
because the results of TBC can be evaluated in each step 
of computation. The second positive aspect of the TBC is 
the simplification of the geometry which introduce only the 
own billet (see Figure 5). In the case of stress 
computation, the next simplification of geometry 
to the strait billet is necessary. The substantial 
simplification of computation introduces the use of one 
symmetrical half of the geometry. The reason for the use 
of one symmetrical half of the geometry is shorter 
computational time at a much finer mesh of finite 
elements. On the other side, the much more effort needs 
the definition of the heat transfer in primary and secondary 
cooling zone which are described by User Defined 

a)  

 

b) 

 

Figure 4 Detail of (a) mould geometry with 
(b) computational mesh for SSTC modelling 

Figure 5 The geometry and computational  
mesh for TBC modelling 

surface mesh

symmetry
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Function in programming language C++. The software offers only the template of User Defined Function, such 
as heatflux.c and convehtransfer.c. The more details about the definition of heat transfer were published for 
example in [1, 17]. 

3.3. Thermophysical properties 

In the case of simulating the casting and solidification processes of steel, the following thermodynamic 
properties depending on the temperature are needed to know: density, enthalpy / heat capacity, conductivity, 
viscosity. If the prediction of hot tears is also required, the stress properties of steel could be also defined 
depending on temperature.  

Although the methods used for determining the material properties have made a huge advance, it is still very 
complicated to analyze the values in the area of high temperature, especially concerning the solidus and 
liquidus temperatures. Also, the identification of these temperatures of phase transformation is still a challenge. 
Even more complicated it is the case of stress properties specification, which is necessary for predicting the 
risk of cracks and hot tears. Usually the constant stress values from the forming structure of steel is known, 
but not from the casting state depending on temperature. In that case the following solution can be applied: 
 experimental methods, empirical equations, Neumann-Kopp rule, thermodynamic database and/or 
values from the literature [18, 19, 20]. In ProCAST simulation program, the integrated thermodynamic database 
CompuTherm can be used to calculate all of these thermodynamic properties. 

4. CONCLUSION 

The paper presented the actual knowledge from the numerical modelling of solidification of continuously cast 
steel billets including the prediction of qualitative parameters (the temperature field, the metallurgical length, 
the shell thickness, the porosity, the hot tears and cracks). The overview of required results and their 
possibilities of visualization and evaluation were listed at the beginning. Then, the two approaches of modelling 
with finite element method used in ProCAST simulation software were described. It was found that: 

 the modelling of solidification of continuously cast steel billet could be solved under Steady State 
Thermal Conditions, as well as under the Traveling Boundary Condition; 

 in both cases, it is useful to apply the condition of symmetry on geometry in order to achieve a shorter 
calculation time; it is recommended to neglect a converse taper of the billet (in the mould area and also 
in the secondary cooling zone) due to the subsequent method of mesh preparation for application of 
finite element method; in the case of modelling with Traveling Boundary Condition, the modeled area 
introduces only the own billet geometry; 

 the quality of the numerical modelling results relates with the accuracy of the thermophysical properties 
of the calculated steel grades and with the defined conditions of the heat transfer in the primary and 
secondary cooling zones. 

Based on the complex experience, it is possible to confirm that the numerical modelling is a good choice for 
optimization of the processes, not only the continuous casting of steel. The numerical modelling is appropriate 
especially under difficult conditions in steel metallurgical plants where it is very complicated and expensive to 
realize the plant experiments. 
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INTERPHASE SPACING IN DIRECTIONAL SOLIDIFICATION OF WHITE CARBIDE EUTECTIC  
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Abstract  

Directionally solidified sample of Fe-C alloy in a vacuum Bridgman-type furnace was produced under an argon 
atmosphere. The pulling rate was v = 83.3, 125.0 and 166.7 μm/s (300, 450 and 600 mm/h) with constant 
temperature gradient G = 33.5 K/mm. The microstructure of the sample was examined on the longitudinal 
section using an optical microscope and scanning electron microscope. The average interphase spacing λ 
was measured on longitudinal section of the sample. The relationship between λ and v was determined using 
linear regression analysis.  

Keywords: Directional solidification, white carbide eutectic, microstructure, interphase spacing  

1. INTRODUCTION  

Many engineering materials are based on eutectic alloys. This was the reason for extensive, both experimental 
and theoretical study of the relationship between solidification conditions and microstructure. An eutectic 
reaction may be defined as the instance where two (or more) distinctively different solid phases solidify 
simultaneously from the parent liquid [1-3]. 

The eutectic was studied for many years. The growth conditions governing formation of the various 
morphologies are still neither fully defined nor properly understood. Eutectics based on Fe-C make up the main 
of cast alloys. The unique combination of desirable properties and good castability is main reason for them to 
be widely used. The close control of the microstructure during solidification is necessary for such alloy’s 
mechanical and physical properties optimization [4, 5]. An important stage during the solidification of white 
cast iron is eutectic solidification. The carbide in eutectic cells or eutectic carbide is the main hard and brittle 
structure which has an important effect on the properties of white cast iron [6-10]. 

Directional solidification technique is applied to the research on the basic solidification theory. Furthermore, it 
is used in manufacturing of high-performance products. Regular structures of fibrous or lamellar type may be 
obtained by directional solidification of binary or pseudo-binary eutectics. The parameters of unidirectional 
eutectics and their dependencies were widely studied [2, 3, 11-18]. 

The Jackson-Hunt model of the eutectic structures [19] is one of the most significant theoretical studies. This 
model provides relationship between the undercooling ΔT, the growth rate v and the lamellar spacing λ for an 
isothermal solidification front as: 

∆푇 = 퐾  푣휆 +                                                                                                                                            (1) 

휆  푣 = = 푐표푛푠푡푎푛푡                                                                                                                                 (2) 

where λ is the interphase spacing, v is the growth rate, K1 and K2 are system parameters [1]. 

Figure 1 show schematic diagram of regular eutectic structure which forms under steady-state directional 
solidification conditions for α and β phase [5, 12, 19]. 
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Figure 1 Schematic diagram of the regular eutectic structure which defines  

the coordinate system [5] 

2. EXPERIMENTAL PROCEDURES 

The samples of eutectic were prepared in corundum crucible under the protection of argon gas in Balzers-type 
heater from pure Armco iron and pressed graphite with spectral purity 99.99 % C. The molten alloy was poured 
into permanent mold and cast into rod 12 mm in diameter after homogenization and impurities removal. 
Afterwards, using a wire cutting process, because of the high brittleness of the metals at this composition, 
these samples were machined to approximately 5 mm in diameter. Table 1 presents the chemical composition 
of this alloy. 

Table 1 Chemical composition of Fe-C alloy 

C Si Mn P S Cr Ni Mo Al Cu Co 

4.25 0.057 0.64 0.0079 0.021 0.033 0.0093                                                                      <0.0020 0.011 0.032 0.0024 

Ti Ni Nb V W Pb Mg B Sn Zn As 

<0.0010 0.0093 <0.0040 0.0022 <0.010 <0.0030 <0.0010 0.0009 0.0061 <0.0020 0.0069 

Bi Ca Ce Zr La Fe      

<0.0020 0.0005 <0.0030 0.0043 0.0013 94.9      

The sample was positioned at the center of the vacuum Bridgman-type furnace in an alundum tube with inner 
diameter of 6 mm. Then it was heated to a temperature of 1450oC under an argon atmosphere. The sample 
was lowered at a given rate from the heating part to the cooling part of the furnace, with liquid alloy Ga-In-Sn 
used as the coolant after stabilizing the thermal conditions. The pulling process was performed at a selected 
growth rates of 83.3 μm/s, 125.0 μm/s and 166.7 μm/s. The Pt40Rh-Pt20Rh thermocouple was used to 
measure the temperature gradient. In the experiments the G=33.5 K/mm was constant. This procedure was 
described in more detail in [20]. 

The directional solidification was performed in the Faculty of Foundry Engineering at the AGH University of 
Science and Technology in Cracow. 

3. MICROSTRUCTURE RESEARCH 

Researched samples were on their longitudinal sections mechanically grinded, polished and etched using nital 
solution. The microstructure was examined on the longitudinal section using an optical microscope and 
scanning electron microscope. Figure 2 show the polished and etched sample with marked growth direction.  
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   Growth  direction  

Figure 2 Image of the researched sample  

4. MEASUREMENT OF INTHERPHASE SPACING 

The geometrical parameter λ measurements were made on the samples where the eutectic was oriented. The 
literature concerning volume metallography suggests [21] various methods of interphase spacing 
measurement in eutectic. In this case, the average interphase spacing in oriented eutectic was determined as 
a quotient of measure lines ∑ 퐿 (perpendicular to the section) to the number of intersections f of these lines 
into white iron carbide precipitation: 

휆 = ∑                                                                                                                                                          (3) 

Geometric parameter was also measured with picture analysis application - NIS-Elements. On the line, which 
was drawn perpendicularly to the axis and the longitudinal section, the distances between white iron carbide 
precipitations were measured, as the Figure 3 presents. Then, the Microsoft Excel was used to calculate the 
parameters. Approximately 240 lines were measured in at least 4 different distances from the face of the 
sample and in 5 successive longitudinal sections of each sample. The obtained values were statistically 
verified. 

.  

Figure 3 Measurement method of the number of intersections f of these lines  
into iron carbide extraction 
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5. RESULTS 

The Figure 4 shows the microstructure of eutectic in the areas of obtained directional eutectic. On the Figure 5 
SEM eutectic microstructure are represented.  

   
a)                                            b)                                                               c) 

Figure 4 Microstructure of Fe-C eutectic on the longitudinal section, G= 33.5 K/mm a) v=83.3 μm/s,  
b) v=125.0 μm/s, c) v=166.7 μm/s 

a)  b)  

Figure 5 Microstructure of Fe-C eutectic: v=83.3 μm/s, G= 33.5 K/mm, SEM; a) fracture of sample;  
b) on the longitudinal section 

The growth conditions and measurements for Fe-C eutectic are given in Table 2. The dependence of average 
interphase spacing on growth rates as a function of the inverse square root of the growth rate is shown in 
Figure 6. 

Table 2 Growth conditions and measurements for Fe-C eutectic 

Condition G 

K/mm 

v 

μm/s (mm/h) 

λ 

μm 

푣 ,  

푠/휇푚 

1  

33.5 

 83.3 (300) 8.25 ±0,58 0.109566 

2 125.0 (450) 6.18 ±0,39 0.089443 

3 166.7 (600) 4.87 ±0,37 0.077452 
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6. DISCUSSION  

As can be seen from Figure 4 during eutectic growth, a large number of eutectic grains can be formed. All 
grains seem to be oriented parallel to growth direction. This structure is clearly vertically directed. It was created 
during directional solidification using the Bridgman method. 

In a longitudinal section, the interphase spacing seems to be different in each grain. This was caused by 
different cutting angles to the polished surface. That is the reason why the average spacing was made. 

 
Figure 6 Average interphase spacing as a function of the inverse square root of the growth rate,  

G=33.5 K/mm 

With a change of pulling rate, differences in the size of formed eutectic can be seen. Figure 4 show the 
microstructures become finer with increasing growth rate. During the solidification process, the dimensions of 
created microstructure are dependent on the atomic diffusion ability. The increase of growth rate leads to high 
temperature gradient at the front of solid-liquid interface. Increase of cooling rate causes the decrease of 
atomic diffusion ability. This means that the available diffusion distance is shortened. So, the higher growth 
rate, the finer the resultant microstructure. 

The eutectic mixture is represented by the vertically elongated white lamellar structure and dark regions. The 
white regions have been identified as Fe3C iron carbide [22].  

On Figure 5a the fracture morphology of sample is shown. Parallel to each other lamellar structures of Fe3C 
iron carbide can be seen.  

As the SEM images in Figure 5b show, between these white lamellar structures there are fine flakes. EBSD 
measurements [22] identified these regions as alpha iron (ferrite). Because these samples where etched in 
nital - the iron phase is dark after etching process as it has transformed to a fine pearlite structure. This is 
consistent with the a SEM micrograph on Figure 5b. The longitudinal section on Figure 4 illustrates that many 
of these dark regions have a rod fibers morphology.  

The shapes of the curves, of the relationship between average interphase spacing λ as a function of the inverse 
square root of the growth rate on Figure 6, are characteristic for eutectic structures [1,2,6,7]. Therefore 
examined white carbide alloy is an eutectic. Previous measurements done with the XRD and EBSD techniques 
[22] also have shown that the obtained alloy is a white carbide eutectic. 

In [7] a comparison of the published results for the white eutectic Fe-Fe3C was made and the appropriate 
calculations were made to obtain the relation 휆 = 20.1푣 . . Research results [7] of pure Fe-4.3 wt pct C alloys 
led to the equation 휆 = 0.821 + 12.2푣 . . The temperature gradients G in these studies had different values. 
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7. CONCLUSSION  

As a result of directional solidification of Fe-4.25 wt pct C alloy, with pulling growth 83.3 μm/s, 125.0 μm/s and 
166.7 μm/s, unidirectional white carbide eutectic were obtained. 

The relationship between average interphase spacing λ and growth rate v (in the growth rate range of 83.3 to 
166.7 μm/s) at constant temperature gradient G=33.5 K/mm was determined: 휆 = 105푣 ,  − 3.2429. This 
result may be related to the faceted nature of the Fe3C component of the white carbide eutectic. This equation 
differs from those presented in [7]. The reason may be different G temperature gradients. The data of the 
interphase spacing (Figure 6) do not fit the standard theoretical model of 휆 푣 = 푐표푛푠푡푎푛푡. 
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Abstract 

In the paper some aspects of the practical implementation of the simulation systems computer-aided design 
in investment casting are discussed. Presented hypothesis and methodology are based on original solutions 
allowing to develop unique tools in the context of designing new technologies. This is closely related to the 
practical design and implementation of numerical solutions, testing and validation and in the final stage with 
testing in industrial conditions. An example of such a dedicated system is the DEFFEM package, whose 
computational capabilities are presented in this paper simultaneously with the directions of further development 
and implementation work. 

Keywords: Smoothed particle hydrodynamics (SPH), finite element (FE), solidification, liquid flow 

1. INTRODUCTION 

The continuous development of new technologies, competition in the market, or pursuing a continuous 
improvement in the product quality makes us look for solutions to aid decision processes at the stage of 
production preparation. Now, it is difficult to imagine the operation of a modern industrial plant, which does not 
benefit from the application of modern computer aided design systems and decision aiding systems at the 
engineering or production stages. The computer aid to engineering work includes simulation, validation and 
optimisation of products, processes and production tools, virtually in all engineering domains. This has inspired 
the authors to take up intensive and time-consuming work related to the development of research methods 
and mathematical models, along with their numerical implementation. This resulted in developing a concept of 
modelling, which integrated the areas of physical and computer simulations, whilst providing full or partial 
exchange of information between those areas [1]. The proposed concept utilizes capabilities of modern 
thermo-mechanical simulators of the Gleeble 3800 series in the physical modelling of industrial processes, 
and the original simulation package DEFFEM [1], which has been under development for a few years. The 
whole modelling approach is rounded up by the utilization of modern testing and measurement instruments 
(e.g. blue light scanning systems) to verify the implemented solutions, or to get additional information 
impossible to be obtained with traditional methods (e.g. computer tomography). In publication [1] the 
mentioned methodology of integrated modelling is presented in details. In the presented study, results of model 
tests (physical and computer) are shown, aiming at developing a simulation tool to aid designing casting 
processes for critical parts of jet engines. The technology of precise investment casting in multi-layer ceramic 
moulds enables geometrically complicated shapes of aircraft parts, such as: turbine blades, vane segments, 
turbine nozzle rings, casings and others, to be recreated. These components operate under a very high 
pressure and often at a temperature above 1000 °C and are called critical parts of jet engines. They are made 
of nickel superalloys. The production process of aircraft engine parts is complex, and many material, 
technological, and organisational factors influence the ultimate quality. Multi-layer ceramic investment moulds 
are made in a multi-operational process of applying subsequent ceramic coats onto wax pattern assemblies, 
dewaxing, washing, drying and burning out the mould. Coats are applied either manually or by robots. After 
the burnout, moulds are warmed, preheated to an adequately high temperature and filled with liquid metal in 
vacuum conditions. The cost of the part material - usually very expensive nickel and cobalt superalloys, and 
the subsequent post-casting treatment operations account for a substantial part of costs (even up to 70%) of 
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manufacturing critical aircraft engine parts. Each of the mentioned individual processes may introduce defects 
(Figure 1), which can be either repairable or not. Therefore, the accurate quality inspection of semi products 
is very important.  

 
Figure 1 Examples of casting defects (author’s materials) 

Wax patterns, wax pattern assemblies and multi-layer ceramic investment moulds not fulfilling the 
requirements - which can lead to manufacturing faulty castings - should be eliminated already at an early 
stage. At the moment there are no effective methods of interoperational quality inspection of a mould during 
execution of individual processes and a mould as a final product. Currently, moulds in a not fully identified 
condition are transferred to subsequent mould manufacturing operations and to the operation of filling with 
liquid metal. It results in losses related to yield, product repair costs, and losses arising from unnecessary 
manufacturing costs of a faulty mould. The situation is even more difficult, as no causal, precise, qualitative 
description of individual processes has been constructedso far, to enable the casting result to be predicted on 
the basis of the set of manufacturing parameters of the pattern assembly and the mould.The mould is still 
assessed post factum, after casting, on the basis of the finished product (casting) quality. Although both 
academic and industry-related literature is abundant in papers concerning methods of nickel superalloy precise 
casting, so far no methods and procedures for aiding design and quality inspection of multi-layer ceramic 
investment moulds have been defined, which would allow a faulty mould to be eliminated from the 
manufacturing line before the filling operation. The dedicated original simulation software  
DEFFEM |solver_3D_HYBRID included in the solver line of the DEFFEM package [1] is a component of the 
methodology developed. The hybrid solution is focused on the possibility of, among others, the identification 
of defects occurring during the solidification process in a ceramic mould. 

2. MAIN ASSUMPTIONS OF HYBRID SPATIAL MODEL 

The developed and implemented hybrid model combines the advantages of the finite element method (FEM) 
and the smoothed particle hydrodynamics (SPH). The governing equations of fluids in the SPH method are 
based on the Navier-Stokes equations in the Lagrangian form [2,3]. The dynamic particle was selected as a 
definition of boundary conditions [4]. These kind of particles have the same properties as the fluid particles 
except that the equation of momentum is not solved for them. The heat exchange between the particles occurs 
by conduction. The model of heat conduction is based on the enthalpy method which is given by: 

= 훻(휆훻푇)             (1) 

where: 퐻 is enthalpy, 휆 is thermal conductivity, 푇 is temperature and 휏 is time. The SPH formulation of this 
equation is approximated by [5]: 

= ∑ 푇 − 푇
∙

          (2) 

where: 휂 is a small parameter to prevent singularity when 푟 − 푟  goes to zero, 푚 , 휌 , 휆 , 푇  are the mass, the 
thermal conductivity, the density and the temperature of particle 푗, respectively, 푊 is the smoothing kernel, 
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index 푗 corresponds to any neighbouring particle of particle 푖. The phase transition (from liquid to solid) occurs 
when the particle temperature is below the solidus temperature  푇 . In the proposed solution, the solid particles 
are modelled as a viscous pseudo fluid. It means that solid particles be have like fluid particles but they move 
under a very high viscosity. This approach is used to keep the forces impacting the solid particles and fluid 
particles. The solution in the form of temperature field for the FEM model was predicted by solving the Fourier 
equation, which in its general form can be written as follows [1]: 

훻 (휆훻푇) + 푄 − 푐 휌 = 0           (3) 

where: 푇 - absolute temperature, 휆 - thermal conductivity coefficient, 푄 - heat generation rate for volume unit, 
푐  - specific heat, 휌 - density, 휏 - time. 

The model coupling the both domains (FE+SPH) is based upon a solution of coupling by fixing particles to the 
FE nodes (Figure 2). The computing procedure is performed in two stages. At the first stage calculations in 
the particle solution domain are performed. The FEM mesh nodes constitute the boundary condition for the 
particle model, and during computing they are treated as fixed particles. At the second stage, computing in the 
finite element method domain is performed. The temperature of particles within the exchange interface at the 
same time is the first type boundary condition for computing in the finite element method domain [1]. The heat 
is exchanged with the environment (the simulator inside) on the basis of the convective heat transfer modelled 
with the use of effective heat transfer coefficient [1]. 

 
Figure 2 Scheme of coupling both solution domains (FE+SPH) 

3. PRELIMINARY VERIFICATION OF THE HYBRID MODEL 

As part of test simulations computing was carried out for the test variant, focusing on the assessment of the 
implemented thermal solutions. Cylindrical specimens with diameters of 10 mm and lengths of 125 mm were 
tested with the Gleeble 3800 thermo-mechanical simulator [1]. The material used in simulations is medium 
carbon steel (C45 grade steel) and the temperature dependent thermal properties, required for the simulation 
were calculated by using the commercial JMatPro software based on the chemical composition of the 
investigated steel [1]. The liquidus  푇  and solidus  푇  temperatures of the investigated C45 grade steel are 
1494.79 °C and 1412.42 °C, respectively. The simulation was oriented at the test hybrid solver and the 
possibility to predict defects within the volume of the sample, as well as the robustness of the hybrid solver. 
The specimen was heated with the resistance heating method, with an automatically controlled alternating 
current being introduced into the specimen through cooper grips in the Gleeble equipment. At the first stage 
of the physical simulation, the specimen was rapidly heated up to 1350 °C at a heating rate of 20 °C / s. At the 
second stage, the specimen was slowly heated up to 1430 °C at a heating rate of 1 °C / s and held at this 
temperature for 30 seconds. Finally, the specimen was cooled down to the nominal temperature,and after 
holding for 10-60 seconds, cooled down to the ambient temperature. To prevent oxidation, the specimen was 
put into a vacuum chamber. A transparent quartz sleeve was used to protect against a potential leakage of 
metal during melting. In order to find out the temperature distribution along the heating zone within the 
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specimen, temperatures were continuously measured at several locations of the sample [1]. A special 
thermocouple was mounted in the core of the specimen to give access to the radial temperature gradient. The 
hybrid methodology of numerical modelling consists of three main steps: At the first stage (resistance heating 
and melting process), the spatial DEFFEM |solver_3D_TH based on FEM is applied in order to estimate 
temperature distribution within the volume of the sample [1]. The temperature schedule of the numerical 
simulation of the process of heating, remelting and cooling the specimen was analogous as in the conducted 
physical simulations. Figure 3 presents the temperature distribution field after cooling to the nominal 
temperature 1380 °C. On the other hand, Figure 4A presents the temperature distribution on the cross-section 
and the longitudinal section (the centre of the heating zone), and the visualisation of the mushy zone (Figure 
4B), where the visualisation of temperature distribution was restricted to the range between the solidus 
temperature 푇  of 1412.42 °C and the calculated maximum temperature in the sample core of 1421.97 °C. This 
method of visualization allowed us to estimate the size of the mushy zone, which on its cross-section may be 
defined by the radius of  ~ 2.5 mm, reaching on the longitudinal section the length of ~ 6.9 mm. 

 
 

Figure 3 The temperature distribution after cooling 
to the nominal temperature 1380 ℃  

(spatial solution) 

Figure 4 The temperature distribution  
A) on the cross-section and the longitudinal section 

of the sample,  
B) mushy zone (liquid and solid phases) 

When analysing the obtained results one may observe a considerable gradient on the sample cross-section 
(Figure 4A). With reference to the surface temperature of 1376.29 °C achieved during the numerical 
simulation, and the maximum temperature reached within the sample core of 1421.97 °C, this difference was 
45.68 °C. In the conducted physical simulations, the mentioned average difference between the measured 
values was 40 °C [1]. Given the fact that the effect of heat exchange disturbance caused by the quartz shield 
was not included in the numerical model, and a constant value of the effective heat transfer coefficient was 
applied, the obtained results show a high compliance. In the second stage of the model procedure, new 
solution domains are generated. The first solution domain is the finite element mesh in the sub-surface areas 
of the sample. In the second solution domain, particles are generated within the volume of the sample together 
with their temperature initialization based on the interpolation temperature from FEM mesh nodal results. In 
the third stage, the developed hybrid solver DEFFEM |solver_3D_HYBRID was used to simulate the 
solidification process. Examples of particle temperature distribution during the solidification process are 
presented in Figure 5 and Figure 6. Figure 5 presents the temperature distribution on the longitudinal-section 
of the sample just after starting the free cooling. With reference to the determined velocity field (Figure 7), the 
solidifying metal slowly flows within the sample volume and a discontinuity in the sample centre begins to form 
(Figure 5). Intensification of the formation of the defect zone starts to be observed in the medium stage of 
solidification process (Figure 6). It is caused by a variable liquid metal flow rate within the sample volume 
(Figure 8). Three main zones can be distinguished there: the bottom, the central, and the top one with a 
significantly diversified flow rate. Due to the effect of gravity and the simultaneous solidification the top zone 
reaches the maximum values of flow rates, at practically zero values of velocity fields for the bottom zone (the 
solidified zone). 
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Figure 5 Particle temperature distribution on the 
longitudinal-section of the sample during the 

solidification process (initial stage of the 
solidification process, particle solution domain only) 

Figure 6 Particle temperature distribution on the 
longitudinal-section of the sample during the 
solidification process (medium stage of the 

solidification process, particle solution domain only) 

  
Figure 7 Velocity field distribution within the volume 

of the sample (initial stage of the solidification 
process, particle solution domain only) 

Figure 8 Velocity field distribution within the volume 
of the sample (medium time of the solidification 

process, particle solution domain only) 

The final temperature field after the completed solidification process is presented in Figure 9. The maximum 
temperature within the sample volume reached a value lower than the solidus temperature 푇 , and the 
formation of a porous zone (defect area) could be observed in the sample core. The tendency to form the 
porous zone coincides with results of macrostructural tests [1]. The computer simulation results are promising, 
however the DEFFEM |solver_3D_HYBRID requires further validation tests based on physical simulations. 
The maximum core sample temperature of 1421.97 °C is about 9 °C higher than the solidus temperature 푇  of 
1412.42 °C (Figure 3). On the basis of the maximum temperature and the solidus temperature, the size 
(volume) of the mushy zone was estimated. The volume of the mushy zone during the simulation of the 
solidification process decreases, reaching the minimum value after 0.3 seconds from the beginning of the 
solidification process (Figure 10). With reference to the results of the physical simulation, this state was 
achieved in the half of the time of the actual solidification process that was recorded during the experiment. 
According to the physical results, the solidification process took 0.6 seconds. At the beginning of the 
solidification process, during about 0.2 seconds, the temperature changes between the computer and physical 
simulations were very convergent. The process of solidification in the computer simulation finished 0.35 second 
faster than during the physical simulation. The main reason for such a difference is the adoption of a linear 
approximation of enthalpy changes versus temperature in the numerical model as well as the assumption of a 
constant heat effective exchange coefficient in the FEM model [1]. 
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Figure 9 Particle temperature distribution on the 

longitudinal-section of the sample after completing 
the solidification process with visible defects within 

the sample volume 

Figure 10 Calculated and measured change in the 
sample core and surface temperatures  

(the solidification stage) 

4. CONCLUSION 

The article presents the main assumptions of the hybrid model, aiming at developing a simulation tool for 
precise casting and solidifying critical parts of aircraft engines in multi-layer ceramic moulds. The solidification 
process was calculated by applying the enthalpy method in SPH formulation to solve the heat transfer problem. 
The phase transition model from liquid to solid was treated by considering the effect of latent heat and 
nonisothermal phase change to the model of heat transfer. The conducted physical simulations of the 
solidification process with the Gleeble 3800 thermo-mechanical simulator allowed the developed tool to be 
tentatively verified for anticipating defect areas. Further work related to the developed solution will focus on 
making the liquid-solid phase interaction model more specific by adding a particular force between the mushy 
and the solid phases, or the procedure of particle grouping and taking into account its movement within the 
mushy zone (liquid and solid phases).  
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Abstract 

The performed tests were focused on the mechanism of reaction of Y2O3 and Al2O3 particles with the 
solidification front while casting steel. The presence of oxide inclusions in steel is a consequence of 
precipitation and segregation processes in the CCM crystallizer. The oxide precipitations in the liquid metal 
are a result of deoxidization and are generally unfavorable for the future properties of steel; on the other hand, 
their fine dispersive phase may play the role of nucleation centers of other phases, which in this case is 
advantageous. Yttrium oxide precipitations are formed when yttrium is used as a modifier and micro additive 
to steel of definite properties. Unlike Al2O3, the resulting Y2O3 phase may be advantageous because it 
strengthens steel. Considerable differences between the density of aluminum oxide and yttrium oxide affect 
their interaction with the crystallization front. This will decide about the final distribution of inclusions in the cast 
ingot. Authors suggested a numerical solution with the use of own computer program. During computations a 
system of forces that acts on particle as well as physicochemical parameters of steel were taken into account. 
The calculations were performed in micro scale in reference only to one particle of a given radius, occupying 
different position with respect to the solidification front. The results of calculation were presented in the form 
of plots illustrating the change of position of the particle of a given radius with respect to its initial position. 

Keywords: Solidification front, Y2O3, Al2O3, numerical modelling, precipitation movement  

1. INTRODUCTION 

The simplest criterion, in which free energy of absorption ΔGp is defined, should be used for checking out 
whether or not a solidification front absorbs particles. It is expressed as a difference of interface energy 
(inclusion/solid metal) and (inclusion/liquid metal). The absorption takes place when the following condition 
holds true: 

,           (1) 

where: σi-s - surface energy of inclusion/solid metal (N / m), σi-l - surface energy of inclusion/liquid metal (N / m), 
ΔGp - free energy of absorption. 

The flat crystallization front moves vertically at a constant velocity Vst. The behavior of the particle is a result 
of balance of forces acting on it. Gravity force [1-4,8]: 

,          (2) 

where: Fg - gravity force (N),  - density of metal (kg / m3),  - density of inclusion (kg / m3), - acceleration 

of particles (m / s2), - radius of inclusion (m). 

The viscous resistance force, which is opposite to the direction of the particle moving at velocity Vi with respect 
to fluid, is presented in the following form[1,5-8]: 

,           (3) 
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where: Fd - viscous resistance force (N), µ - coefficient of dynamic viscosity (kg / (ms)), Vi - flow rate of inclusion 
with respect to fluid (m / s), 

The value of coefficient  depends on the distance from the front h and direction of particle movement:  

for inclusion distant from the front  = 1, - for inclusion approaching the front  = r / h, for inclusion moving 
parallel to the front  = ln(r / h). 

The unevenness of concentration of components making up the liquid and different velocities are a frequent 
phenomenon. The force generated by the gradient of fluid velocity S, acting perpendicular to the front surface, 
in the area which can be defined as a boundary layer of velocity, is called Saffman force and is expressed by 
the formula [1-8]: 

           (4) 

where: Fs - Saffman force (N), ν - kinematic viscosity (m2 / s), S - local gradient of fluid rate (s-1). 

Such force may cause moving away or approaching of a particle to the front, depending on the direction of the 
fluid and difference of density of particle and fluid. Saffman force makes the particle move away from the front, 
when the fluid flows down the front, and when the density of the particle is bigger than that of the fluid. 

Presented work focuses on numerical modelling of Y2O3 and Al2O3 precipitants behaviour near to the 
solidification front while casting steel. The mathematical model of solidification front influence on the particle 
movement base on the balance of forces that acts on it. Numerical solution of this model allows to understand 
the behavior differences of yttrium and aluminium oxides in liquid steel during solidification. 

2. NUMERICAL MODEL FOR A PARTICLE MOVING CLOSE TO THE SOLIDIFICATION FRONT  

Particle movement near the crystallization front may be described with the following mathematical model [8]: 

  

           (5) 

  

where: a - vector of particle acceleration, ax - acceleration vector component in x axis direction, 
ay - acceleration vector component in y axis direction, v - vector of particle speed, vx - speed vector component 

in x axis direction, vy -speed vector component in y axis direction,  - initial values of speed, taking into 

account fluid gradient, r - substitute particle radius,  - particle density, Fw - resultant force vector, 

FS - Saffman force vector, Fg -buoyancy force vector, Fd - liquid resistance force. Result of the modeling is 
location of the particle at each and every moment in time: (x(t), y(t)), which can be described with following set 
of ordinary differential equations: 
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           (6) 

To define force components that act on the particle in x and y direction directional trigonometric functions of 
resultant force Fw were taken into account. 

Liquid in the analyzed domain can flow relatively close to the crystallization front. Its flowing speed can be 
described in x and y separately. Those values affect the particle movement. At the stage of numerical solving 
the liquid movement speed components are added to initial values of particle speed components. To solve a 
set of ordinary differential equations presented above (eqs. 2, 3) Euler’s forward scheme with constant time 
step ∆t is applied. The aim of the computations is to create the numerical sequence of the following values:  

         (7) 

which values are approximate positions and particle speeds at equidistant time steps.  

After each and every time step the acceleration a value is updated as its value depends on the resultant force 
vector (eq. 1). Based on the numerical model given above computational procedures were prepared and the 
original software was written. 

3. RESULTS OF CALCULATION AND DISCUSSION 

The simulation was performed with the use of a computer program, based on the equation of forces acting on 
a particle and also mathematical and numerical model. The following parameters were assumed for steel and 
the particle (Table 1) [9, 10]: 

Table 1 Material data and calculation parameters 

steel density 7874 kg / m2 

particle density Y2O3 - 5010 kg /m3; Al2O3 - 3990 kg / m3 

dynamic viscosity  0.06 m2 / s 

time step 110-6 s 

local velocity gradient 0.0001; 0.00001; 0.000001 s-1 

particle radius 10, 20, 50 μm 

Calculations were performed for a particle at a considerable distance from the front and for a particle 
approaching the front. The interaction was analyzed for particles of radius 10, 20 and 50 μm and local velocity 
gradient 0.0001; 0.00001; 0.000001 s-1. In each case the calculation time was the same, i.e. 10 s. The first 
calculation series was performed for particles staying at a distance from the solidification front (Figures 1 - 3). 
It was assumed that the velocity gradient had an influence on the trajectory of the particle therefore it was not 
accounted for in the calculations. The interaction with the front was observed to be the biggest for a big gradient 
of velocity; the particle moved towards it. The interaction of particles with the front are negligibly small for low 
and moderate gradients. The same dependence can be observed for each particle size. 
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Figure 1 Influence of local gradient on the movement of particle of radius 10 µm: left plot - Y2O3 particle; 
right plot - Al2O3 particle 

 

Figure 2 Influence of local gradient on the movement of particle of radius 20 µm: left plot - Y2O3 particle; 
right plot - Al2O3 particle 

Figure 3 Influence of local gradient on the movement of particle of radius 50 µm: left plot - Y2O3 particle; 
right plot - Al2O3 particle 

An analogous simulation was conducted for a particle approaching the front. The results of calculations for 
particles of radius 10, 20 and 50 μm are presented in Figures 4 - 7. 
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Figure 4 Influence of local gradient on the movement of Y2O3 particle of radius 10 µm 

 
Figure 5 Influence of local gradient on the movement of Al2O3 particle of radius 10 µm 

 
Figure 6 Influence of local gradient on the movement of Y2O3 particle of radius 50 µm 

 
Figure 7 Influence of local gradient on the movement of Al2O3 particle of radius 50 µm 
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Additional plots were presented to illustrate the behavior of a particle at the initial phase of the beginning stage. 
The case of a particle approaching the front at a given gradient of velocity clearly shows the effect of its 
operation on the particle trajectory. In all analyzed cases the behavior of low velocity gradient makes the 
particle move towards the front and flow out on the surface. 

4. CONCLUSION 

Local gradient of velocity of liquid phase is important for the movement of the particle regardless the size of 
the inclusion, at the assumed location of the particle at a distance from the crystallization front, also for particles 
moving towards the front. In the first case, at a small gradient of velocity the particle freely flows out to the 
surface of liquid metal, due to the operation of the buoyancy force Stokes mechanism. Here the  interaction of 
the inclusion and the front are negligible. Only after obtaining a definite value of gradient of velocity of liquid 
metal 0.001 s-1 causes that the particle trajectory is oriented towards the solidification front. This trend was 
observed for all analyzed particle sizes, i.e. 10, 20 and 50 µm. In analogous simulations made for a particle 
moving towards the front the particle trajectory was observed to significantly deflect towards the front for the 
lowest gradient of velocity of liquid metal. This tendency was maintained for all radiuses of the analyzed 
particles. 
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Abstract 

Modeling the growth of nonmetallic inclusions can be realized in a number of ways. Authors worked out their 
own mathematical model for calculating the increase of nonmetallic phase in liquid steel. The spherical shape 
of the particle and independent increase of inclusions were assumed; the participation of the diffusion of the 
component dissolved in the liquid phase was ignored. The mixing of metallic bath with the neutral gas of high 
intensity was assumed as the initial state. The simulations were performed both for the increase of a precipitate 
composed of two oxides: Al2O3 and Y2O3. Assumption was made that each of the oxides grows in the 
precipitate area of the precipitate of the same chemical composition. It was assumed that in a metallic bath 
there are 1 000 000 nuclei, each 5 µm. The calculations were performed for the initial oxygen concentration in 
steel of 0.05 % assuming two variants of aluminum and yttrium contents in the metallic bath: 0.06 % Al, 0.09 % 
Y - variant 1 and 0.09 % Al and 0.06 % Y - variant 2. The obtained results were presented in the form of plots 
of oxides increase in a function of time and change of O, Y and Al content in liquid bath in the precipitation 
process. 

Keywords: Nonmetallic inclusions, precipitations growth, Al2O3, Y2O3, numerical modelling  

INTRODUCTION 

Nonmetallic inclusions generated in the process of refining liquid metallic bath are nonhomogeneous; they are 
a mixture of two oxides or oxides and sulfides. These compounds are a result of introducing metals and iron 
alloys as complex deoxidants, as a consequence of which liquid or liquid/solid nonmetallic phase is formed. 
Silicon, manganese and aluminum usually play the role of deoxidants in steel, therefore a liquid phase 
containing their oxides, and also iron oxide, can be formed. Upon adding yttrium to steel, Y - O, Y - S 
compounds are generated, with stable Y2O3 and Y2S3 Y2O2S inclusions can be also formed [1,2]. Information 
about the whole population of inclusions can be hardly verified and its chemical composition and physical form 
depend on the phase of the refining process. When the oxygen considerably exceeds the deoxidant and 
simultaneously the concentration of this component in the metallurgical reactor is nonhomogeneous, complex 
nuclei are very likely to be generated. This will be also favored by locally nonuniform concentration of the 
deoxidant. The particle growth can be modeled in a number of ways. In all cases the particles are assumed to 
have a spherical shape, stationary diffusion and independent growth of the inclusions [3-10]. The problem of 
growth of multicomponent nuclei has been already analyzed in many works [11-15], where the growth of single- 
and two-component deoxidization products were analyzed with the use of the population balance model 
[5,12,15]. 

1. GROWTH MODEL FOR TWO-COMPONENT OXIDE NONMETALLIC INCLUSIONS 

Authors of this paper present their own concept of growth of two-component oxide inclusions, concentrating 
on the generation of this phase after introducing aluminum and yttrium to steel. Refining processes are 
associated with the use of high mixing energies, therefore the role of diffusion of reagents to the reaction zone 
was neglected. It was assumed that the system is ideally homogeneous as far as its chemical composition 
goes, and that each inclusion grows on its own surface, i.e. yttrium oxide only grows on the surface of Y2O3, 
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and aluminum oxide only on the surface of Al2O3. In this case it was established that the growth rate of a 
particle solely depends on the concentration of all three components, i.e. Y, Al and O. The nucleus was 
assumed to consist of n1 mole oxide 1 and n2 mole of oxide 2. Coefficient Aij (1) depends on the value of 
oversaturation defined as a difference between actual and equilibrium concentration of oxygen in steel and 
reaction rate constant kij. It was assumed that Aij > 0, i.e. deficiency of any of the components terminates the 
growth of a given inclusion without leading to its dissolving. This means that the end of the growth is determined 
by the oxygen concentration. 

    
   iαiiα

i ctck=Sk=A 00ijijij -:          (1) 

where: Aij - coefficient (depends on oxygen concentration), Si - oversaturation, β - mass penetration parameter 
(assumed β = 1), α - order of reaction (assumed α=1), kij - velocity constant, depends on the type of oxide „i” 
and surface „j”. 

Hence the increase of amount of oxide 1 and oxide 2 in the two-component nucleus totals to [4, 6]: 

  rnAnAdtdn iii // 2211           (2) 

where: i = 1, 2;  is assumed to be equal 1.  

Under those assumptions following set of Ordinary Differential Equation is obtained: 

r
nAnA

dt
dn 2121111 
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dt
dn 2221212 

           (4) 

where: n1- number of moles in oxide 1, n2- number of moles in oxide 2, Ai1- coefficient depending on oxygen 
concentration (for oxide 1), Ai2- coefficient depending on oxygen concentration (for oxide 2). 

Radius of growing nucleus can be calculated with equation: 
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where: r- radius of nucleus  [cm], v- molar volume [cm3/mole]. 

Hence: 
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where: v1- molar volume of oxide 1 [cm3/mole], 

v2- molar volume of oxide 2 [cm3/mole]. 

The growth of a nucleus results in a change of chemical composition expressed with a molar fraction of oxide 
1 - x1. 
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During nucleation decrease of Al, O and Y solutes mass in liquid is calculated and it influence the growing 
oxide mass.  



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

275 

2. RESULTS OF GROWTH CALCULATION FOR TWO-COMPONENT INCLUSIONS AL2O3 - Y2O3 

The results of calculations of growth of two-component nonmetallic inclusions were realized with a 
mathematical model and computer program prepared for a nucleus composed of oxides: Al2O3 and Y2O3. The 
following assumptions were made for the calculations: 

2.1. Variant 1 

Number of nuclei in 1 cm3 steel: 106, aluminum and yttrium content in steel: Al = 0.06 %, Y = 0.09 %, oxygen 
content: O = 500 ppm, equilibrium concentration of oxygen O = 0.009 %, coefficient β = 1. Aluminum and 
yttrium are introduced at the end of the process of steel refining, when the oxygen content was low. The initial 
oxygen content in steel was purposefully overestimated in calculations (500 ppm), to highlight the results. 
Figures 1 - 3 illustrate the results of calculation of growth of two-component nuclei Al2O3 - Y2O3 of initial radius 
5 µm. 

 

Figure 1 Increase of radius of nucleus (initial radius r0 = 5 µm)  

 

Figure 2 Increase of two-component nuclei of oxides n1 (Al2O3) [mole]  
and n2 (Y2O3) [mole] (for r0 = 5 µm)  
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Figure 3 Change of concentration of components in the course of growth of two-component nucleus Al2O3 
Y2O3 (for r0 = 5 µm) concentration 

2.2. Variant 2 

Number of nuclei in 1 cm3 steel: 106, aluminum and yttrium content in steel: Al = 0.09 %, Y = 0.06 %, oxygen 
content: O = 500 ppm, equilibrium concentration of oxygen O = 0.009 %, coefficient β = 1. 

 

Figure 4 Increase of radius of nucleus (initial radius r0 = 5 µm) 
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Figure 5 Increase of two-component nuclei of oxides n1(Al2O3) [mole]  
and n2 (Y2O3) [mole] (for r0 = 5 µm)  

 

Figure 6 Change of concentration of components in the course of growth of two-component nucleus  
Al2O3 Y2O3 (for r0 = 5 µm) 
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content is close to the equilibrium oxygen content (Figure 3). The double oxide inclusion content most rapidly 
increases to about half of the process; in this phase the increase of Al2O3 content is almost identical as the 
increase of Y2O3, as illustrated by the coinciding lines n1 and n2 [mole] (Figure 2). Further in the process the 
oxides’ increase is rather small.  

In variant 2 it is also yttrium which is deficient. The Al content in liquid steel changes from 0.09 % to about 
0.055 %. The increase of inclusion growth is mainly associated with the production of aluminum oxide. The 
increase plots of oxides n1 and n2 (Figure 5) slightly differ. At about 0.7 stage of the process the Y2O3 in mole 
increase is minimum, while the Al2O3 in mole increase is observed over the entire process, till its end. As 
compared to variant 1 there is also obtained a considerably higher final oxygen content in steel, which is a 
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3. CONCLUSION 

The chemical composition of a double inclusion Al2O3 - Y2O3 of radius 5 µm depends on the oxide and 
deoxidants content in liquid steel. Yttrium belongs to strong deoxidants and its deoxidizing ability is much 
stronger than that of aluminum, therefore yttrium content will mainly condition the character of the growth of 
the inclusion, its chemical composition and final oxygen content in the metal bath. In variant 1 the growth of 
the nucleus generates an inclusion which molar composition is about 50 % of Al2O3 and 50 % of Y2O3. In 
conditions corresponding to variant 2 the Al2O3 mole content in the inclusion exceeds the amount of produced 
Y2O3 
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Abstract 

The work presents the results of a study on drawability evaluation methodology of thin sheet metals of high 
strength. Materials of high strength are used for the construction of car and aircraft components. Those 
components are responsible for the safety of the construction of vehicles and thus for the safety of passengers. 
The high strength of the thin metal sheets creates limitations in their deformability. Due to the limited 
deformability, development of the drawability evaluation methodology is particularly desirable by designers 
and manufacturers. Automotive industries have many manufacturing problems with so-called advanced high-
strength steels (AHSS), while the aerospace industries - with heat resistant and creep resistant alloys, and 
e.g. nickel superalloys. In these cases, the standard procedure for the qualification of stamping materials has 
been found to be insufficient. Due to this both industrial problems have been undertaken research on 
drawability evaluation of selected high-strength thin sheet metals made of DP steel (AHSS representative) and 
Inconel 625 (nickel superalloy representative). These studies allowed formulating guidelines to methodology 
of drawablity evaluation of high-strength thin sheet metals. The drawability of these sheet metals has been 
comprehensively defined by forming limit curves designation, while modern AutoGrid® digital local strain 
analyzer and the method of image analysis of deformed coordination nets has been applied. Hereby 
quantitative and qualitative drawability have been evaluated. The results of the project N R15 0042 06 under 
the title: “Development of methods for computer-aided design process of stamping products for the aerospace 
industry”, carried out in 2009-2013, gave rise these guidelines. 

Keywords: Drawability evaluation, Inconel 625, AHSS, forming limit curve, strain analyzer Auto Grid 

1. INTRODUCTION 

The need of drawability evaluation is due to the design requirements of the thin sheet metal fabrication 
technology. Standard delivered charges for stamping are only supplied with the characteristics of the chemical 
composition, certified with basic mechanical properties (UTS, YS, elongation, hardness) and according to the 
technical conditions of delivery for sheets in coils or sheets. In modern product designs more advanced 
materials with special properties are used. Most often charges for stamping are steels of increased strength, 
light metal alloys, heat resistant and creep resistant metal alloys, or heterogeneous materials as tailor welded 
blanks and multilayer materials like sandwich blanks [1-4]. Good industrial practice includes the use of 
computer-aided engineering techniques for the design of press processes in the automotive and aerospace 
industries. As a result, numerical simulations of forming processes using e.g. finite element method (FEM) are 
used [5, 6]. To complete the material model data set, the basic characteristics of the charge material approvals 
are insufficient, especially for materials with increased strength. This is where the material characteristics 
developed in accordance with the proposed drawability evaluation guidelines are added. The basic procedure 
for the designation of forming limit curves GKT was developed and shown in the development project final 
report [7]. These activities were supported by AutoGrid strain analyzer.  
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2. DETERMINGING DRAWABILITY 

The drawability evaluation can be carried out on three levels: at the basic level, determining the formability 
based on the strength properties of the sheet; at the expanded level, using selected drawability evaluation 
tests corresponding to simple technological operations (stretching, compression and stretching with 
compression) and at the complex level, setting the forming limit curve for the tested charge. Described 
assessment can also be executed ad hoc or as a planned evaluation, according to the form of its use. With 
the planned drawability assessment we are already dealing with the design phase of the new product and the 
selection of material for this product. For this purpose we have to have the results of the planned evaluation 
of the actual pressures of the sheets, among which we choose those with optimum characteristics for our 
project. On the other hand, on an ad hoc assessment we will speak at the start of production and at the need 
to control the technological formability of delivered charges. Hence, the task of evaluating drawability is 
particularly important because it enables efficient production. Too wide assumptions at the process design 
stage can generate production constraints, or prevent production from too roughly-machined charges, just as 
with too short a rough estimate of drawability. 

2.1. Basic methods of drawability evaluation 

The basic mechanical properties of the sheet metals determined in a uniaxial tensile test serve as a rough 
estimate of the drawability. The principle is simple, the higher the strength, the lower the plasticity and thus the 
lower drawing properties. However, already for high strength steels, this rule is no longer useful, as is 
maintaining the YS/TS ratio below value 0.7. (Figure 1). For non-ferrous metal alloys, this simple evaluation 
is not enough. 

 
Figure 1 Comparison of different steel sheet metals mechanical properties 

It is possible to increase the drawability rating and to perform a basic drawability test - Erichsen's cupping test 
[8]. This test allowed classifying charge sheet blank to the proper drawability grade and defines the 
susceptibility of the sheet to deformation at the expense of thickness. Other technological tests, corresponding 
to the basic mechanical states scheme of pressing process may also be done. Their review is summarized in 
Table 1. 
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Table 1 Drawability tests review 

Test Coefficient of drawability Photo of sample after test 

Erichsen’s cupping 

IE = Hmin 
Hmin - minimal height of drawpiece 

 
Swift or  

AEG cup forming  
M = d/Dmax 

d - dimension of punch 
Dmax - dimension of charge 

 
KWI or  

Hole expansion  KWI=(D-d)/d*100% 
d - dimension of punch 
D - dimension of charge 

 
Fukui  

m = d/D 
d - dimension of punch 
D - dimension of charge 

 
Engelhardt’s  

T = (F1-F2)/F1*100% 
F1 - 1st drawing force 
F2 - 2nd drawing force 

 
Hydroforming or  

Bulging  HW = Hmax 
Hmax - maximal height of drawpiece 

 
Pushing 

K = d/Dmax 
d - dimension of punch 

Dmax - dimension of charge 

 
Inversion drawing 

N = dmin/Dmax 
dmin - dimension of punch 

Dmax - dimension of charge 

 

2.2. Complex drawability definition 

For a complex assessment of the technological susceptibility of a sheet metal, a forming limit curve (FLC) is 
determined. Examples of experimental FLC’s are shown in Figure 2. Determination of those curves was based 
on the bulging with a punch tests made for a sheet metal specimens of different widths. Complete procedure 
of FLC appointing was described in detail in [9]. The photograph of the different width sample set used to FLC 
preparation is shown in Figure 3. 
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Figure 2 Forming limit curves for different steels 
appointed experimentally 

Figure 3 A set of drawpieces to determining 
forming limit curve 

2.3. Methodology and guidelines for drawability evaluation of hard formable materials 

Guidelines for drawability evaluation are given as following procedure. 

 Define whether the charge material is conventional or limited in deformability. 
 Perform basic mechanical properties evaluation tests and draw up a strain-stress curve. 
 Performing technological drawability evaluation tests [10-12]. 
 Prepare the standard forming limit curve according to standard [9] and using the mesh method and 

automatic strains analyzer, e.g. Auto Grid analyzer [15, 16]. 
 Perform numerical simulation of the deformation process using the developed material characteristics, 

taking into account the specificity of the selected manufacturing technology [13, 14, 17, 18] and using 
dedicated simulation software, e.g. Eta / Dynaform. 

 Analysis of formability tests results. 

There are present the studies and results of the described procedure for examining and evaluating the 
drawability of the various materials in numerous, own publications [15, 16, 19, 20]. Selected charge materials 
were determined according to the definition as follow, limited formability. 

3. PRACTICAL EXAMPLE USING OF DRAWABILITY EVALUATION GUIDELINES 

The elaborated procedure was tested for nickel superalloy sheet blank and cone drawpiece manufacturing 
technology. Looking on mechanical properties of nickel superalloy and sellected Inconel 625 alloy sheet blank, 
it was define as the charge material with limited deformability. Basic mechanical properties of Inconel 625 are 
as follow: TS = 907 [MPa], YS = 465 [MPa], elongation A80 = 44 [%] and Langford’s anisotropy coefficient 
R = 0.49 [-]. To check out technological properties, Erichsen’s cupping test was selected. Coefficient of 
drawability was measured IE = 11.8 [mm] at thickness 0.9 [mm] of sheet blank. There is forming limit curve of 
Inconel 625 alloy sheet blank showed in Figure 4. There is also showed the FLC for Inconel 718 alloy sheet 
blank thickness 0.9 [mm] to compare drawability of both alloys. The FLC’s was prepared according to standard 
[10] and using the mesh method and automatic strains analyzer Auto Grid. Next stage cone drawpiece 
designing was selection of manufacturing method, which types are showed in Figure 5. Using numerical 
simulation software Eta/Dynaform 5.9 and experimental data in material model selection of manufacturing 
method was done. The punch method was used in practical tests of cone drawpiece hydroforming. The final 
cone drawpiece was measured again using Auto Grid strain analyzer to validate if it is safety deformable. 
Measurement results are shown in Figure 6. 
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a) b) 

  

Figure 4 The forming limit curves of nickel 
superalloys determined experimentally 

Figure 5 The types of manufacturing methods of 
cone drawpiece: b) die method, c) punch method. 

 

  
Figure 6 The result of the measurement of the local strain distribution on the peripheral surface of the cone 

obtained using the AutoGrid portable system with respect to the Inconel 625 alloy sheet FLC 

4. CONCLUSION 

Using the developed guidelines and the deformability evaluation procedure, the actual manufacturing process 
of the Inconel 625 alloy cover extrusion was effectively designed. Thus, the practical usefulness of such a 
method for evaluating the drawability of charge materials with limited deformability was effectively 
demonstrated. Moreover, it has been shown that the numerical coarse model compared to the fine model, 
extended by experimentally determined sheet deformation characteristics, and more accurately reproduces 
the plastic flow of high-strength steel (AHSS) [4, 7] and alloy steel plates. Thanks to the procedural approach 
to deformability evaluation and numerical modeling, the results of pressing can be effectively achieved. Even 
very complex products and technologically sophisticated shaping methods are designed. The sheet 
deformability testing in laboratory conditions allows us to identify and extend material models with complex 
characteristics of innovative, new materials and more efficient processing. Adapting this procedure in industry 
should be part of good industrial practice. 
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Abstract  

Forming limit diagrams (FLD) are used to determine process limitations in sheet metal forming, i.e. as a level 
of formability assisting in the estimation of stamping characteristics. This paper deals with the experimental 
determination of a forming limit curve (FLC) using the Erichsen test. In this case, FLC of an austenitic stainless 
steel X5CrNi18-10 is obtained by performing the Erichsen test with different shapes of specimens. 
Furthermore, utilization of FLD for evaluation of a hydroforming process is shown in the second part of the 
paper. 

Keywords: Erichsen test, formability, hydroforming, FLD 

1. INTRODUCTION 

For the production of sandwich panels with a structured surface, a hydroforming technology is successfully 
used. For this purpose, the austenitic chromium-nickel stainless steel X5CrNi18-10 is used as a blank material. 
However, in some cases, defects occur during the hydroforming operation - cracking. Therefore, a numerical 
analysis using the finite element method (FEM) is used to optimize the hydroforming process. Forming limits 
should be determined for correct evaluation of FEM analysis. If the determination of forming limits using 
elementary experimental analyzes, e.g. tensile test diagram characteristics, is not considered, then limit curves 
(zones) of the forming limit diagram (FLD) are a typical analysis, which is aimed at detecting of forming limits 
of the stamped material. Since the state of strain close to the plane strain is expected at the critical points of 
the hydroformed part, the objective is to construct the FLD, which is affecting this area. For this purpose, the 
Erichsen test is used. [1], [2] 

2. EVALUATION OF THE FORMING LIMIT DIAGRAM 

Analysis of fracture initiation and propagation in sheet metal forming is one of the most basic and widespread 
analysis. In this case, limit curves of the FLD are a typical analysis, which is aimed at detecting of forming 
limits of the stamped material. In the forming limit diagram, curves that represent a divide between the safe 
area and the material failure zone are constructed in a coordinate system representing principal engineering 
strain (ε1 and ε2) or principal true strain (φ1 and φ2). An experimental path of the FLC construction is based on 
an assumption that the material will break in the place with a maximum value of the sheet metal thinning. In 
this place, necking of the material is realized, i.e. local strain. For this case, a grid strain analysis (grid marking) 
is used to identify critical places of the stamped part and to evaluate principal strains in these places. A suitable 
grid is applied on the evaluated part, before its deformation. After the forming operation, the deformed grid is 
evaluated. In principle, the grid most often consists of circle elements which will become ellipses unless 
deformation is pure biaxial stretching. Besides basic curves indicating material failure (risk of cracks), areas of 
other defects, such as wrinkling area, can also be determined in the diagram. In the diagram, after its 
construction, deformation points are plotted, i.e. values of the major strain on surveyed locations of the 
stamped part. [3], [4] 
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From the point of view of the circular grid 
element, there are basically two cases of 
its geometry changing, see Figure 1. 
Values of the principal true or engineering 
strain can be determined by the conversion 
from the obtained dimensions of the 
deformed elliptical shapes. The classical 
equation for determining of the circular grid 
deformation is given by (1). 

φ = ln
l
d

= ln
d + ∆l

d
= ln(1 + 휀  )                                                                                                                             (1) 

where φi [-] is the principal true (logarithmic) strain, li [mm] is the dimension of the ellipse axis, d [mm] is the 
initial diameter of the circle, ε [-] is principal engineering strain. 

The FLD construction takes into account multiple states of strain (stress). Therefore, the experimental 
determination of the FLD should be based on the basic material tests which correspond to the load conditions. 
Basically, for the experimental determination of the FLC, ISO 12004-1 standard allows the use of any test 
equipment, which is able to achieve a different strain state during the plastic deformation of the test specimen 
with using of holding and drawing tools. More precise laboratory determination of the FLC is then prescribed 
by ISO 12004-2, namely by using of Marciniak test or Nakajima test. Nevertheless, a wide range of testing 
methods can be used for the FLC evaluating, such as Hasek test, Keeler test, Swift test, Erichsen test, 
hydraulic bulge test, uniaxial tensile test, etc. Some methods are used for evaluation of the FLC in its entire 
range for both (positive and negative) φ2 values. Other methods are applicable only for the small area of the 
FLC, eventually only for the point of the FLC. [5] 

3. MATERIAL AND EXPERIMENTATION 

As it was previously stated, austenitic chromium-nickel stainless steel X5CrNi18-10 is the tested material. The 
main mechanical properties of 
X5CrNi18-10 sheet metal with thickness 
of 0.5 mm, determined by performing 
the uniaxial tensile test, are summarized 
in Table 1. 

For evaluation of the FLC, the Erichsen 
deep drawing test was used, a testing 
equipment Erichsen F4 respectively, 
with Erichsen Index (IE) evaluation 
accuracy of 0.001 mm. Material tests 
were performed on 3 sets of 6 different 
types of specimens geometry with 
circular holes, as it is shown in 
Figure 2, for each tested thickness. 
Overall, two thicknesses of material 
were tested (0.5 mm and 0.8 mm). After 
measurement, results from 3 sets of 
samples were averaged.  
For determination of critical strain 
values, applying of the grid to the tested 

Table 1 Material properties of X5CrNi18-10 steel 
 

Yield strength Rp0.2 [MPa] 282.8 
Tensile modulus E [MPa] 1.99 ∙ 105 
Ultimate tensile stretch Rm [MPa] 700.1 
Poisson ratio µ [ - ] 0.30 
Density at 20 °C ρ [kg ∙ m3] 7.90 ∙ 103 

Figure 1 Possible changes in the circle grid element shape 

           Specimen 1         Specimen 2 to 6 
Figure 2 Geometry of specimens 
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specimens is necessary. In this case, the grid with circular shape elements of 2 mm diameter was applied to 
the specimens. The detail of the applied grid is shown in Figure 3. For this purpose, an electrochemical etching 
method was used, see the principle in Figure 4. The shape of the grid is determined by a stencil, which is 
placed on the surface of the specimen (sheet metal). Then, an electric current, which is conducted by an 
electrode over a felt pad with an electrolyte, affects the stencil (the electrode rolls over the felt pad). By the 
pressure loading of the electrode, the electrolyte is extruded from the felt pad thru the stencil onto the surface 
of the sheet metal and the corresponding grid is etched. [6]         

              
      Figure 3 Detail of the grid          Figure 4 Principle of the electrochemical etching method [6] 

After application of the deformation grid, specimens were subjected to the Erichsen test using a testing 
equipment Erichsen F4. Specimens were clamped to the device so that their centers coincide with the center 
(axis) of the drawing tool (punch). In this case, the punch is acted to the center of the specimen and its holes 
are deformed symmetrically. Figure 5 shows one set of deformed specimens 0.8 mm thick after the test. 

 
Figure 5 Geometry of specimens after the Erichsen test 

After the Erichsen test, deformed grids around cracks were analyzed on all specimens. Measurements were 
carried out microscopically using computer aided image analysis. The SSM-3E stereo microscope with a USB 
camera, was used for evaluation of the grid ellipses dimensions. Evaluation of observed specimens was 
performed using PC and Dino Capture 2 software, respectively. Determination of ellipses dimensions by the 
microscopic measurement is shown in Figure 6. 
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            Figure 6 Evaluated grid                                         Figure 7 Shapes of deformed specimens   

Before the FLD construction, results affecting by the curving of the specimens geometry was investigated. 
Figure 7 shows deformed specimens shapes for one set of deformed specimens 0.8 mm thick after the 
Erichsen test. After this shape correction of results, the FLD for two thicknesses of X5CrNi18-10 steel (0.5 mm 
and 0.8 mm) was constructed, see Figure 8. Each point of the diagram represents averaged values of 3 
measurements on the specimen (evaluation of the grid ellipses dimensions). 

 
Figure 8 Forming limit diagram for X5CrNi18-10 steel 

4. UTILIZATION OF THE FLD FOR THE NUMERICAL ANALYSIS OF HYDROFORMING 

Constructed FLD curves were used for sheet metal formability analysis during the hydroforming of the 
sandwich panel structured surface, which is a set of pyramidal cavities. Manufacturability of the structured 
surface using the pillow hydroforming was tested on specimens with the formed area dimensions of 150 × 150 
mm. Each specimen consists of two sheets, which are welded by a laser beam welding around the formed 
area. For this purpose, a hydroforming device was used, see Figure 9 and Figure 10.  
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Figure 9 Hydroforming device with hydraulic pump         Figure 10 Cross section of hydroforming device [7] 

An example of the hydroformed specimen with the structured surface, which is formed by a pyramidal structure 
with an apex angle of 60° is shown in Figure 11. An initial thickness of the specimen was 0.8 mm. As a result 
of insufficient rounded of the die edges (1mm radius), defects were occurred on the top of pyramids during the 
hydroforming process for forming pressure of 650 MPa, see Figure 12. 

                     
           Figure 11 Hydroformed specimen                              Figure 12 Detail of the defect - crack  

Therefore, the hydroforming process was analyzed by the finite element method using ANSYS LS-DYNA 
software. For simplicity of a calculation, a symmetry of the part was used and therefore it was calculated only 
with half geometry. Figures 13 and 14 show the results of the forming limit analysis for the hydroformed part.  

     

                      Figure 13 Formability analysis                                        Figure 14 Forming limit diagram  
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As it is apparent from the FEM analysis, when the die is rounded with a radius of 1 mm then the FLC is 
exceeded, i.e. defects are created. With the formability analysis using FLD, safety radius of the hydroforming 
die was found as 2 mm. With this rounding value, the part can be formed without problems, as it is shown in 
Figure 15 and Figure 16, i.e. FLD for the above-mentioned hydroforming die adjustment. 

     
                  Figure 15 Formability analysis                                            Figure 16 Forming limit diagram  

5. CONCLUSION 

In this paper, the experimental determination of the FLD for X5CrNi18-10 steel was constructed. For this 
purpose, the Erichsen test was performed with different shapes of specimens. Experiments have demonstrated 
the ability to construct the FLC for a fairly wide range of minor strain by this way. The usability of the constructed 
FLC was verified in the formability analysis of the hydroformed part with the structured surface using FEM 
analysis, in which the FLC was also used for optimization of the hydroforming die shape. 
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Abstract  

Slab thermal homogenization during reheating in furnace is temperature and retention time dependent. 
Dissolution of microalloying element like niobium in austenite at soaking temperature is important to achieve 
desired strength and toughness in final rolled product. Under soaking and low set temperature may not dissolve 
microalloying elements and on other hand over soaking and higher temperature may lead to austenitic grain 
growth. In both cases, it affects, strength and toughness of the final product. The optimum temperature and 
retention time allows micro-allying elements to dissolve in austenite and controls austenite grain growth. These 
conditions are favorable to achieve both high strength and toughness in the rolled strip. 

Gleeble 3000 physical simulator was used to conduct trials with combination of various soaking temperatures 
and time. Prior austenitic grain size and dissolution of micro-alloying was evaluated. To validate experiment 
and check relevance of experiment with actual rolling during production, laboratory muffle furnace was used 
and same plant process conditions of soaking temperatures and time were used to simulate actual plant 
conditions. The results of validation trials were encouraging. Temperature of 1220°C and soaking for 15 and 
30 Seconds in Gleeble experiments, had shown similar results, this was deciding factor for the optimizing 
retention time in reheating furnace. Based on laboratory trials results, plant trials were conducted with reduced 
furnace retention time of 160 minutes minimum against 170 minutes earlier. The test results of plant trials were 
satisfactory and meeting specification requirements. Special technique of micro etching was used to reveal 
prior austenitic grain size. 

With 10 minutes reduction in retention time for group of steel grade, around 6% more time will be available for 
rolling, contributing to increment in production and financial benefits. 

Keywords: Retention time, dissolution of micro-alloying elements, Austenite grain size 

1.  INTRODUCTION 

Rolling of coils with Thermo-mechanical controlled practice (TMCP) helps in achieving strength and toughness 
in micro-alloyed steel grades. Optimum setting of rolling parameters like Re-heating temperature and retention 
time, drafting, temperatures at every stage of rolling and most importantly cooling rates is a success story of 
TMCP. Reduction in retention time in furnace adversely affects the strength of material on the other hand 
increment in retention time for entire quantity micro-alloyed grades affects badly on productivity. Striking 
optimum balance between productivity and the product quality is necessary in industrial conditions.  

Dissolution temperature of micro-alloying elements without austenitic grain growth were evolved by conducting 
experiments in Gleeble 3500 and laboratory muffle furnace. Based on experimental results, plant trials were 
conducted with combination of reduction in retention time by 10 minutes with increment in reheating 
temperatures. The results of mechanical properties were satisfactory for API grades J-55, X60 and X65. 
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2. BACKGROUND  

Drop in strength from coil to spiral pipe due to Bauschinger effect is usual concerned of pipe manufacturers. 
However, unusual drop in strength in hot rolled coil was observed. Detailed investigation revealed strong 
influence of retention time on mechanical properties of the strip. Dissolution of alloying elements and 
microalloying elements is a function of time and temperature. If the micro-alloying element like Niobium is not 
dissolved completely in the austenite, the resultant microstructure influences the strength of material. To 
optimize retention time for API linepipe steel grades, moderately microalloyed grades were selected.   

3. IMPORTANCE OF REHEATING TEMPERATURE AND CALCULATIONS FOR DISSOLUTION 
TEMPERATURE 

3.1. Importance of reheating temperature 

Re-heating of slabs is a critical parameter to maintain yield and quality of the product. Optimum reheating 
temperature facilitates (1) increase in plasticity of material to for smooth rolling (2) homogenization of 
temperature and to some extent chemical composition (3) Transformation of ferrite to austenite without 
unreasonable grain growth (4) dissolution of precipitates [4]. During reheating, ferrite to austenite 
transformation without grain growth and dissolution of precipitates are very important parameters to achieve 
strength and ductility in micro-alloyed steel grades. Both transformation of ferrite to austenite and dissolution 
of microalloying elements in austenite are time and temperature dependent. With lower Carbon, the solubility 
of microalloying elements like niobium is more even at low temperature compared to high carbon content 
composition [2]. However, re-heating temperature and retention time are govern by furnace heating capacity 
and the percentage of other elements in steel grade. 

3.2. Calculations for dissolution temperatures 

Conventionally, slabs are usually cooled to ambient temperature before charging to reheating furnace. Slabs 
are heated to temperatures to which precipitates of niobium will be dissolved. Dissolution temperatures for 
various grades in low microalloyed group are calculated using empirical formula. The chemistries selected for 
the calculations are from particular with less microalloying element contents. The empirical formulae used for 
the calculation of amount of various niobium, component formations like Niobium carbide, Niobium nitride and 
niobium carbonitride in solution at particular temperature for varying carbon and nitrogen content [1] [3] in 
chemical composition, following empirical formulae were used  

For calculating the availability of  

Niobium carbide: log [Nb][C] = 2.78-7407/T        (1) 

For Niobium nitride: log [Nb][N] = 2.89-8500/T         (2) 

For Niobiumcarbonitride: log [Nb][C+12/14N] = 2.26-6770/T      (3) 

By using empirical formulae, reference tables for Solubility of NbC in austenite at various temperatures 
(Table 2), for solubility of NbN in austenite at various temperature (Table 3) and for solubility of NbCN in 
austenite at various temperature (Table 4) were prepared to understand the amount of precipitate formed at 
various temperature for each chemistries under trials. Using above formulae solubility of various niobium 
components was calculated for X60, X65 API grade and J-55 grade. Chemical composition of these grades is 
mention below in Table 1. 

Table1 Chemical composition in weight % for the two grades from selected group 
Grade C Si Mn P S Al V Ti Nb N2 

X60/X65 0.06-
0.16 

0.20 - 
0.35 

1.30 - 
1.70 

0.015 
max 

0.015 
max 

0.050 
max 

0.030-
0.050 

0.010-
0.020 

0.030-
0.050 

0.006 
max 

J-55 0.10-
0.25 

0.20 - 
0.35 

1.00 - 
1.50 

0.015 
max 

0.015 
max 

0.050 
max - - - 0.006 

max 
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Table 2 Reference table for Solubility of NbC in austenite at various temperatures 

T [°C] T [K] log [Nb][C] [Nb][C] %Nb solute 

1000 1273 -3.04 0.0009 0.0092 

1050 1323 -2.82 0.0015 0.0152 

1100 1373 -2.61 0.0024 0.0243 

1150 1423 -2.43 0.0038 0.0376 

1200 1473 -2.25 0.0056 0.0564 

1250 1523 -2.08 0.0083 0.0825 

1300 1573 -1.93 0.0118 0.1178 

Table 3 Reference table for Solubility of NbN in austenite at various temperatures. 
T [°C] T [K] log [Nb][N] [Nb][N] %Nb solute 

1000 1273 -3.79 0.0002 0.0270 

1050 1323 -3.53 0.0003 0.0490 

1100 1373 -3.30 0.0005 0.0830 

1150 1423 -3.08 0.0008 0.1380 

1200 1473 -2.88 0.0013 0.2190 

1250 1523 -2.69 0.0020 0.3390 

1300 1573 -2.51 0.0031 0.5110 

Table 4 Reference table for Solubility of NbCN in austenite at various temperatures. 

T [°C] T [K] log [Nb][C,N] [Nb][C,N] %Nb solute 

1000 1273 -3.06 0.0009 0.0083 

1050 1323 -2.86 0.0014 0.0132 

1100 1373 -2.67 0.0021 0.0203 

1150 1423 -2.50 0.0032 0.0302 

1200 1473 -2.34 0.0046 0.0439 

1250 1523 -2.19 0.0065 0.0621 

1300 1573 -2.04 0.0090 0.0860 

4. DESIGN OF EXPERIMENT IN MUFFLE FURNACE AND GLEEBLE 3500 PHYSICAL SIMULATOR 

The objective of experiment is to reduce reheating time during slab reheating. The heat transfer from slab 
surface to core is by conduction which is time and temperature dependent. Reduction in time with homogeneity 
in temperature is only possible, if temperature is raised. It should be also be noted that too high temperature 
will lead to grain growth and deteriorate the toughness and strength. Grade X60/X65 was selected for the 
experiment in muffle furnace. Samples from slabs of X60/X65 were cut in half an inch cube and heated to 4 
different temperatures in controlled way. These samples were soaked for 3 different period. After soaking at 
pre-defined temperatures, samples were quenched in to brine water and stirred continuously to achieve fastest 
possible cooling rate. These samples are then studied for metallographic examination. The austenitic grain 
size and temperature at which grain growth is taking place is checked.  
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4.1. Physical Simulation study on Gleeble 

The experiment conducted in Gleeble 3500 was of two folds. The first was to identify the temperature at which 
the austenite grain is stable without grain growth and the second is to identify the soaking/holding time, which 
is sufficient to dissolve the micro-alloying elements without austenitic grain growth. The temperatures selected 
for the experiment were 1200, 1220, 1240 and 1260°C. These samples were simulated at these temperatures 
with varying holding time of 5, 10, 15 and 30 second in Gleeble. 

The austenitic grain was measure by special etching technique with hot picric acid. The grain size distribution 
analysis was carried out on the samples, which were etched with special technique for each holding time at 
particular temperature. Dissolution of micro-alloying elements were evaluated based on the hardness of the 
sample as very fine precipitated of Niobium could not be seen by Scanning Electron Microscope (SEM). 

4.2. Plant Trials  

Based on the metallographic studies on samples from muffle furnace experiment and gleeble simulation, it 
was noticed, that slab reheating temperature of 1220°C would be optimum without grain growth. Plant trials 
were conducted by reducing 10 minutes in retention time compensating with increment of 20°C in re-heating 
temperature.  

From the graph in Figure 1, it can be seen that the homogeneity in the temperature at the end of re-heating 
furnace is a function of time and temperature. Homogeneity in temperature can be achieved earlier by raising 
temperature. However minimum period of soaking is necessary when the chemistry is microalloyed and alloyed 
with other elements like Manganese (other major alloy being Manganese).  

 
Time (min) 

Figure 1 Showing graphs with proper homogeneity in temperature at soaking zone in reheating furnace 

Plant trials were planned with reheating temperature of 1220°C with minimum retention time of 160 minutes. 
It was necessary to ensure the soaking time of around 30-35 minutes to dissolve all micro-alloying elements 
in austenite and maintain temperature homogeneity. The trial was restricted for only one rolling schedule 
comprising of around 100 slabs. First trial was conducted on two different chemistries viz. X65 & J55. The 
mechanical properties test results were encouraging for grade J55 and slight improvement in strength was 
observed, however in chemistry for grade X60/X65 minor drop in yield strength was observed. To validate 
these results one more trial was conducted. In validation trials, the results of X60/X65 were also satisfactory. 
The results of each trials with their retention time are mentioned in Table 5. 
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5. RESULTS OF EXPERIMENTS AND PLANT TRIALS    

5.1. Evaluation of Gleeble Simulation 

Simulation in gleeble was done for 4 different temperature 1200, 1220, 1240 and 1260°C and with 4 different 
soaking/holding period as 5, 10, 15 and 30 Seconds. These samples were etched with hot picric acid to reveal 
the austenitic grain size. Figure 2 shows the metallographic results of these experiment and austenitic grain 
size in micrographs. It was seen that at 1220°C when soaked for 15 sec no growth or minimum growth of 
austenitic grain occurred. This was considered as the optimum temperature for the heating of slabs of X60/X65 
and J55 grades.  

  

 

Figure 2 Shows austenitic grains when heated at 1220°C and the actual austenitic grain size at different 
holding times 

Since SEM does not reveal precipitate percentage, the hardness of the sample was taken as a measure to 
estimate the dissolution of micro-alloying elements. The higher hardness was indicative for the complete or 
maximum dissolution of micro-alloying elements in austenite, Figure 3. The drop in the hardness at 1240°C 
indicates increment in precipitation size due to coagulation. Further increment in hardness at 1260°C can be 
seen, which indicates complete dissolution of microalloying elements in austenite however, grain growth is 
also observed which is detrimental for toughness.  
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Figure 3 Shows Hardness at various temperature at defined holding time 

5.2. Evaluation of Plant Trials 

Only one rolling schedule of around 100 slabs was planned with increased reheating set point temperature of 
1220°C & retention time of minimum 160 minutes In first trial two grades X60/X65 and J55 were tried. Grade 
X65 was for the spiral pipe manufacturing whereas grade J55 was for ERW pipe manufacturing and hence the 
sample orientation was in 30° to rolling and longitudinal direction to rolling for spiral and ERW pipes 
respectively. The comparison of the tensile results of the coils under trial was done in respective grades in 
same sample orientation. 

Table 5 Mechanical properties in coils under 1st plant trial 

Coil Id Chem Id Retention Time (min) Sample Direction YS (MPa)  TS  (MPa) % El. 

831 X60/X65 161 30 493 612 42 

828 X60/X65 161 30 480 609 44 

829 X65 164 30 507 609  41 

716 J55 168 L 467 588 40 

717 J55 161 L 481 580 40 

721 J55 161 L 497 592 42 

Validation (Second) trial was conducted as a validation trial and specifically X65 grade was rolled. The 
retention time was maintained in range of 160 to 170 minutes. The sample location was 3 m from tail end of 
coil and orientation of sample was at 30°. Test results coils of validation trials are shown in Table 6 and meeting 
of X60/X65 grade specification requirements.  

Table 6 Mechanical properties in coils under validation trial 

Coil ID Chemical  ID Retention Time group Actual Retention Time YS (MPa) TS (MPa) 

1011 X65 160min < RT< 170 min 165 528 617 

1038 X65 160min < RT< 170 min 168 531 623 

1021 X65 160min < RT< 170 min 165 528 614 
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6. CONCLUSIONS 

The study on retention time in re-heating furnace was successfully concluded by conducting plant trials with 
reduced retention time. 

With reduced retention time in reheating furnace, for low microalloyed grades, the estimated increment in 
productivity is around 6 percent.  

From trial, it can be concluded that the combination of 1220°C as reheating time and minimum 160 minutes 
retention time will not affect mechanical properties of grades in J55 through X65 for certain thickness-width 
combination. 
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Abstract 

Examination of structure-forming processes of HSLA steel with 0.025 % Nb was performed in relation with 
rolling of the heavy seamless tubes in the Big Mannesmann mill. Based on the dilatometry data, a DCCT 
diagram after deformation 0.35 at temperature of 900 °C was designed. Hardness HV30 of value 157 was 
determined for low cooling rate of 0.2 °C·s-1 and the structure was consisting mostly of ferrite and pearlite. For 
faster cooling with rate of 60 °C·s-1 the hardness was equal to 404 with entirely martensitic structure. Non-
recrystallization temperature was determined by the rolling-cooling-quenching tests and metallography just 
above 850 °C. Finally, steel samples were subjected to temperature controlled rolling and cooling with the rate 
of 0.25°C·s-1 in the laboratory reversing mill with the working rolls’ diameter of 350 mm. Grain refinement as 
well as homogenization of the final microstructure was observed after lowering the finish rolling temperature 
in the interval from 990 to 850 °C. Greater effect of decreasing finish rolling temperatures was observed below 
890 °C as a result of deceleration of the recrystallization kinetics due to the precipitation during the cooling 
phase and getting closer to non-recrystallization temperature. The smallest secondary grain size of 17 μm was 
achieved despite the initial coarse-grained structure (created by preheating at 1280 °C), low degree of material 
deformation and slow final cooling. Low-temperature finish rolling resulted in a significant increase in the roll 
forces - approximately by 50 % when comparing the results of experiments performed at temperatures of 
990 °C and 850 °C. 

Keywords: HSLA steel, DCCT diagram, non-recrystallization temperature, finish rolling temperature,  
                     microstructure. 

1. INTRODUCTION 

The objective of the work was to investigate the selected structure-forming processes during cooling of 
niobium-alloyed steel used for seamless tube rolling with the use of physical methods. Production of the thick-
walled tubes in the Big Mannesmann mill was simulated. The investigated HSLA steel had the chemical 
composition 0.17 C - 1.1 Mn - 0.2 Si - Al 0.028 - 0.011 N - 0.025 Nb (in wt. %). The experiment was conducted 
in three main stages. First, a continuous cooling transformation diagram DCCT was compiled (with the 
influence of the previous deformation). This was followed by determination of the non-recrystallization 
temperature (NRT) of austenite. The experiment was completed by a simplified simulation of forming with 
various finish rolling temperatures and with the determination of its effect on the resultant microstructure after 
slow cooling. 

The relation between finish rolling temperature and NRT is generally determined by the type of applied thermo-
mechanical treatment, the purpose of which consists in the achievement of the finest possible secondary grain. 
Forming of austenite in the non-recrystallization region is more and more often studied and used not only for 
traditional HSLA steels [1, 2], but also for low-carbon bainitic steels [3], pipeline steels [4] and TRIP steels [5]. 

The importance and practical significance of DCCT diagrams at a selection of the optimum cooling technology 
excels in their comparison with traditional CCT diagrams for identical steels - from the recent works see e.g. 
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[6 - 8]. It is evident that the kinetics of individual phase transformation is significantly affected not only by the 
cooling rate, but also by the size of the initial austenite grain, magnitude of previously accumulated deformation 
and the rate of elimination of its influence by softening during cooling; quantification and generalization of these 
effects is, however, extremely difficult [9]. 

2. DCCT DIAGRAM 

Dilatometric tests used cylindrical samples with a diameter of 6 mm and a length of 86 mm. Due to the high 
heating temperature necessary for dissolution of niobium carbo-nitrides, it was necessary to use contact 
dilatometric system of the plastometerGleeble 3800 and platinum thermocouples. The samples were heated 
at the rate of 10 °C/s to a temperature of 1280 °C and after a dwell of 300 s they were cooled down a rate of 
5 °C·s-1 to a temperature of 900 °C. At this temperature a compressive deformation of the magnitude of 0.35 
was applied at the strain rate of 1 s-1, followed by cooling at a constant cooling rate ranging from 0.2 to  
60 °C·s-1, during which the sample dilatation was measured. Analysis of the recorded curves in the CCT 
software determined the temperatures of phase transformations with consideration of the results of 
metallographic analysis and hardness measurement of the selected samples (see Table 1). 

Table 1 Effect of cooling rate on the occurrence of phase components and hardness  

Cooling rate Hardness HV30 Ferrite Pearlite Martensite 
(°C·s-1) (-) (%) (%) (%) 

0.2 157 69 31 0 

0.7 181 65 35 0 

3 208 57 43 0 

6 225 49 51 0 

10 243 43 57 0 

20 320 20 0 80 

40 381 5 0 95 

60 404 0 0 100 

  
a) 0.7 °C/s b) 20 °C/s 

Figure 1 Influence of cooling rate on the microstructure of the samples after dilatometry 

Figure 1 presents microstructures of selected samples. Their evaluation is complicated by the occurrence of 
two morphologies of ferrite - equiaxed and acicular, already at the lowest cooling rates (Figure 1a). Acicular 
ferrite is present inside the grains and chains of equiaxed ferrite are found at the grain boundaries at cooling 
rate around 6 °C·s-1. With an increase of the cooling rate the acicular ferrite inside the grains is gradually 
replaced by martensite (Figure 1b), however, only after cooling at the cooling rate of 60 °C·s-1 the structure is 
composed solely of martensite. 
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As it is apparent from Figure 2, the hardness of the samples increases in direct proportion to the decrease in 
the share of ferrite and with the increase in the share of pearlite and martensite in the structure.Illustration of 
cooling curves in traditional semi-logarithmic scale time - temperature was complicated by the different 
austenitizing temperature and deformation of the samples. In order to obtain the final form of the DCCT 
diagram in Figure 3, it was necessary to subtract the time period corresponding to the phase of preheating 
and deformation. It is obvious that after usual rates of the free cooling it is possible to expect the final ferritic-
pearlitic structure. Martensite appears in the structure only after cooling rates exceeding approx. 20 °C·s-1. 
Legend in Figure 3: Fs - start of ferrite transformation; Ps - start of pearlitic transformation; Pf - end of pearlitic 
transformation; Ms - start of martensitic transformation; Mf - end of martensitic transformation. 

 

 

Figure 2 Influence of cooling rate on the HV30 
hardness and shares of structural components 

Figure 3 DCCT diagram (deformation at 900 °C) 

3. NON-RECRYSTALLIZATION TEMPERATURE OF AUSTENITE 

After a uniform preheating at 1280 °C/30 minutes in an electric furnace the flat samples with a thickness of 
12.5 mm and a width of 50 mm were freely air cooled to the temperature of the first pass (i.e. 900-1100 °C). 
After a ten-minute stabilizing dwell in the second or third resistance furnace (heated to the appropriate 
temperature for the first pass), the sample was flat-rolled by two reductions on the semi-continuous reverse 
stand of the laboratory rolling mill. The used smooth part of the rolls had a diameter of 350 mm and speed rolls 
of 18 rpm were chosen. The first reduction of 40 % was supposed to achieve a thickness of 7.5 mm and 
possibly to invoke a stress-induced precipitation. Immediately following second reduction (also of 40 %) 
resulted in the rolling of the final thickness of 4.5 mm. Two temperature scanners situated right before and 
after the stand measured the surface temperature of the sample during the rolling and also during the free 
cooling, immediately following after the second pass. After approx. 10 seconds from the last reduction the 
sample was quenched in water. Metallographic development of austenitic grain in longitudinal vertical section 
of the quenched and tempered rolled product (350 °C / 30 minutes / cooling in the furnace) then enabled 
obtaining of information about the evolution of static recrystallization during the period of cooling before 
quenching. Table 2 presents the temperatures characterizing the evolution of the rolling of individual samples. 

Micrographs in Figure 4 document the selected results of demanding metallographic analyses at various 
magnifications. Finish rolling at a temperature of 1010 °C lead to a complete recrystallization of the deformed 
structure (Figure 4a), as evidenced by equiaxed grains. After reduction performed at the temperatures from 
960 to 880 °C, the structure was in various degrees and in relatively heterogeneous manner composed of 
deformed and equiaxed grains. Only in the sample that was finish rolled at a temperature of 850 °C no signs 
of recrystallization were found (Figure 4b), and the resultant structure consisting of elongated grains 
corresponded to an intense cold forming. The temperature of non-recrystallization of the investigated steel is 
therefore under these conditions just above the value of 850 °C. 
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Table 2 Surface temperatures at rolling and cooling of individual samples   

Sample Temperature at the 
1st reduction (°C) 

Temperature at the 2nd reduction 
(°C) 

Temperature prior 
to quenching(°C) 

X1 1100 1010 860 

X2 1040 960 835 

X3 990 925 805 

X4 960 900 795 

X5 930 880 785 

X6 900 850 760 

  
a) 1010 °C b) 850 °C 

Figure 4 Initial austenitic grain in quenched samples in dependence on the 2nd pass temperature 

4. INFLUENCE OF FINISH ROLLING TEMPERATURE ON THE MICROSTRUCTURE 

A strategy of a simplified physical simulation involving the three pass rolling of flat samples with an initial 
thickness of 12.5 mm to the final thickness of 7.0 mm was chosen. Rolling was carried out on the smooth part 
of the rolls of the reverse stand using the working rolls with a diameter of 350 mm. After a uniform preheating 
at 1280 °C / 30 minutes in an electric furnace, the samples were immediately subjected to the first height 
reduction of 22 %, at the speed of rolls of 12 rpm. This was followed by reduction of temperature of the rolled 
product freely on air until it reached the temperature set 
for the second (and analogously for the third) reduction of 
approx. 15 %, or 16 %, imitating low-temperature finish 
rolling; the speed of rolls was 13 rpm. The surface 
temperature was measured by temperature scanners. 
The required temperatures T2 and T3 for both finish rolling 
passes are shown in Table 3.The diagram in Figure 5 
documents the progress of in time of the experiment with 
the lowest finish rolling temperatures. The rolled products 
were slowly cooled in the electric resistance furnaces 
programmed at the programmed cooling rate of 0.25 °C/s, 
which simulated in a simplified manner the cooling of the 
rolled stock with a thickness of 40 mm on air. Cooled down 
rolled products were in the middle of their width cut in a 
manner enabling an analysis of microstructure in 
longitudinal vertical section (in the direction of rolling) on metallographic polished sections. 
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Figure 5 Time dependence of the surface 
temperature and rolling force registered during 

rolling of the sample R5 
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Table 3 Values of nominal surface temperatures for the 2nd and 3rd passes 

Sample T2 
(°C) 

T3 
(°C) 

R1 1100 990 
R2 1030 930 
R3 990 890 
R4 970 870 
R5 950 850 

Selected micrographs from the area of half the height of the rolled stock are shown in Figure 6.  
The structure is in agreement with the DCCT diagram in Figure 3 formed in all cases by equiaxed ferrite and 
pearlite, however, after two highest finish rolling temperatures, also an acicular ferrite was discovered (with 
particularly distinct formations in the case of the sample R2 - see Figure 6b). The expected band structure in 
the direction of rolling was not manifested. Reduction of the finish rolling temperature led to a gradual grain 
refinement, but an influence of the finish rolling below NRT was not significantly reflected - compare Figures 6c 
and 6d. 

  
a) 990 °C b) 930 °C 

  
c) 870 °C d) 850 °C 

Figure 6 Influence of the finish rolling temperature T3 on the resulting microstructure 

All the samples contained approximately 65 % of ferrite and 35 % of pearlite. The grain size was measured by 
the linear method, and the results were compiled into a diagram presented in Figure 7. 

A more intensive drop of the grain size at a finish rolling temperatures below approx. 890 °C is probably due 
to deceleration of recrystallization during the phase of cooling down of the rolled products, caused by 
precipitation of niobium carbo-nitrides. This is in good agreement with the published results, see e.g. [10] - 
strain-induced precipitation of NbC runs the most rapidly at approx. 900 °C. 
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Figure 7 Influence of the finish rolling temperature T3 on the resulting grain size 

5. CONCLUSIONS 

 For HSLA steel with niobium, used for thick-walled seamless tube Mannesmann rolling, a DCCT 
diagram was assembled after austenitization at a temperature of 1280 °C and deformation at 900 °C. In 
dependence on the cooling rate, the structure consists of two different morphologies of ferrite (equiaxed 
and acicular), of pearlite, and at a cooling rate exceeding 20 °C·s-1also of martensite. 

 Non-recrystallization temperature (NRT) of the tested steel was determined to be just above 850 °C. 
 Laboratory rolled products with a thickness of 7 mm, slowly cooled in the furnace at a cooling rate of 

0.25 °C·s-1, had a structure composed only of ferrite and pearlite. The finish rolling temperatures of 
930 °C and 990 °C resulted in a relatively coarse-grained and heterogeneous structure with large 
formations containing acicular ferrite. 

 From the perspective of the resulting microstructure (i.e. homogeneity and grain size) the optimal results 
were achieved after finish rolling in the vicinity of NRT. Finish rolling at a temperature of 870 °C resulted 
in a grain size of 18.8 µm and in slightly more homogeneous structure than in the case of the finish 
rolling temperature of 850 °C (with a grain size of 17.0 µm). Such grain sizes are the result of significant 
coarsening of the structure during the high-temperature heating, low magnitude of material deformation 
and final slow cooling.  

 Low-temperature finish rolling resulted in a significant increase in the roll forces (approx. by 50 % when 
comparing the results of experiments performed at finish rolling temperatures of 990 °C and 850 °C). 
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Abstract 

The abnormal prices of copper and aluminum over the last decade have led to increasing substitution of copper 
with aluminum. This is mainly possible due to the favorable relation of the strength properties of aluminum to 
its density with respect to copper. An aluminum conductor with the same length and the same resistance has 
twice the weight of a copper conductor. The main technological problem of substituting copper with aluminum 
lies in the technology of drawing small diameter aluminum wires and their annealing on-line. In recent years, 
this problem has been effectively solved by introducing dedicated aluminum alloy grades and a new generation 
of rod breakdown machines and multiwire machines that allow drawing aluminum using emulsions with 
simultaneous annealing of online wires in a way similar to annealing copper wires. Due to the high stacking 
fault energy of aluminum in relation to that of copper, the aluminum alloy is characterized by a recovered 
structure, which translates into low susceptibility of the aluminum wires to annealing. This problem is not 
observed with copper wires. The article includes the results of studies of the process of strengthening Cu-ETP 
copper wire rods and EN AW-1350 aluminum wire rods, and the annealing characteristics (softening curve) 
observed during the hour-long annealing process. The structures of wires after drawing and after annealing. 
The analysis of the studies shows that the temperature of recrystallization of aluminum wires is about 200 ° C 
higher than that of copper wires of the same deformation degree. There was a significantly different 
recrystallization kinetics of the studied wires (different angle of slope of the UTS = f (T) characteristic), which 
translates into the need for other current settings in the annealing line in production lines. 

Keywords: Copper wires, aluminum wires, EN AW-1350, Cu-ETP, annealing, recrystallization, strain  
                    hardening, softening curve 

1. RAW MATERIALS FOR DRAWING PROCESS OF COPPER AND ALUMINUM WIRES 

Modern processing technologies for copper and aluminum wire rolling aim to maximize the efficiency and 
reliability of the drawing process. This imposes a new set of requirements for the batch material to be drawn 
within the range of recrystallization susceptibility that occurs in the drawing lines in less than a fraction of a 
second. In turn the properties of the wire rod are limited by the chemical composition and parameters of the 
continuous casting and rolling process.  

The quality of copper wire used for electrical purposes in accordance with current standards and world trends 
is currently evaluated by manufacturers for its electrical conductivity and susceptibility to annealing. While the 
first of the properties uniquely evaluates the chemical quality of the cathode from which the wire is made, the 
second material property is a function of both the chemical composition and the material's condition. According 
to the ideological technological diagram of the manufacture of copper wires shown in Figure 1, we note that 
in the whole production cycle there can be three links in which the chemical composition and the material's 
condition are shaped. 
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Figure 1 Ideogram for the production of copper wire 

In the first stage, the final total content of the pollutant elements, which is the consequence of the type of 
copper ore or concentrates used for the production of the cathode, is determined. The ROLLING stage is a 
part of the production cycle, which involves the last metallurgical interference in the copper/aluminum 
chemistry, and the formation of the condition of the batch material for further processing, through the casting 
process followed by hot rolling. Thus, the above step combines the two most important operations in terms of 
ensuring the quality of the final product: the chemical composition and the condition of the batch material. The 
last stage of production consists of a multi-step drawing process combined with multiple annealing of the 
material, resulting in the final product. While analyzing the above steps in terms of the mechanisms involved, 
three processes can be distinguished which, with the assumed chemical composition, determine the possibility 
of obtaining the right properties of the final product. These are: deformation, dynamic recrystallization and 
static recrystallization [1-4].  

Copper rods with very good annealing capability should ensure the possibility of full recrystallization of the 
wires during the drawing process on multi-speed machines. Manufacturers currently use drawing speeds of 
30 m/s. This means that we are dealing with increasingly less comfortable conditions in the annealing process 
on the line, which must be implemented in a fraction of a second. Thus, the ideal material in terms of annealing 
susceptibility should be characterized by an annealing kinetics that will allow the material to be softened from 
the hard state as soon as possible. This sets new requirements for wire rod manufacturers and at the same 
time requires a detailed revision of the chemical composition already at the stage of requirements addressed 
to the cathode manufacturers, i.e. producers of wire rod material. 

On the other hand, in the case of aluminum rods, the manufacturers firstly require adequate electrical 
conductivity, tensile strength and elongation. So far, contrary to copper rods, the standards do not require 
aluminum rods to guarantee adequate annealing. The above fact is mainly due to the type of application. In 
the case of copper wires, most of them are in soft temper and are used in Class 5 and 6 (IEC 228). Aluminum 
wires, on the other hand, are mainly used as class 2 wires and are usually in a hardened condition. However, 
for several years now, economic conditions have led to the substitution of copper with aluminum in grades 5 
and 6. This fact entailed a market demand for aluminum wires for Class 5 cables. Hence, the answer to the 
question whether aluminum rods meet the new requirements that concern the production of small diameter 
soft wires is interesting. 

2. PURPOSE OF THE PAPER AND EXPERIMENTAL RESEARCH PROGRAM 

The aim of the paper is: 

 to assess the hardening susceptibility in the drawing process of aluminum and copper rods and  
 to assess the annealing susceptibility of the wires produced from said rods. 
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The program of experimental research involved research on the drawing process of copper and aluminum 
rods. In both cases, the drawing process was carried out to obtain a strain hardening of max. about 90 %.  

Table 1 Diameters of EN AW-1350 and Cu-ETP wires and the test wires and their corresponding strain  
              hardening 

EN AW-1350 Cu-ETP 

Diameter 

(mm) 

Strain 

(%) 

Elongation factor 

(-) 

True strain 

(-) 

Diameter 

(mm) 

Strain 

(%) 

Elongation factor 

(-) 

True strain 

(-) 

9.5 0.0 1.00 0.00 8.0 0.0 1.00 0.00 

8.7 16.1 1.19 0.18 7.0 23.4 1.31 0.27 

6.0 60.1 2.51 0.92 5.5 52.7 2.12 0.75 

4.5 77.6 4.46 1.49 4.5 68.4 3.16 1.15 

2.9 90.7 10.73 2.37 2.5 90.2 10.24 2.33 

The wires produced with different strain hardening were further subjected to annealing at different 
temperatures to evaluate the effect of the strain hardening on the recrystallization temperature. Aluminum 
wires were heated in the temperature range of 200-450 ° C and Cu-ETP wires in the temperature range of 
180-600 ° C. 

3. STUDY RESULTS AND ANALYSIS 

On the basis of the research, reinforcement curves for wires made of copper and aluminum rods were first 
developed. Figures 2 and 3 show graphs representing the strength curves of the studied wires.  

  

Figure 2 Comparison of the conventional yield point 
as a function of true strain of Cu-ETP  

and EN AW-1350 wires 

Figure 3 Comparison of the tensile strength as a 
function of true strain of Cu-ETP  

and EN AW-1350 wires 

Based on the above graphs, it can be said that the same strain hardening results in a double increase in the 
strength properties of copper wires compared to aluminum wires. It can be noted that in the case of aluminum 
wires, the increase of the yield strength upon 90 % strain is about 100 %, while in the case of copper wires - 
200 %. The relation between strength properties and strain hardening is described by the mathematical 
equation:   
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푈푇푆 = 푈푇푆 + 푘(푙푛휆)   and   

푃푟표표푓 푆푡푟푒푠푠 = 푃푟표표푓 푆푡푟푒푠푠 + 푘(푙푛휆)   

Table 2 Parameters of strain hardening curve of Cu-ETP and EN AW-1350 

Material 
UTS Proof Stress 

k n k n 

Cu-ETP 154 0.423 227 0.264 

EN AW-1350 41 0.603 54 0.506 

An analysis of the coefficients in the hardening curve equation (see Table 2) showed that the linear coefficients 
for aluminum are almost three times lower, while the coefficient of the power factor is twice as high. In the next 
stage of research, the aluminum and copper wires were tested for annealing susceptibility. The purpose of the 
study was to evaluate the effect of deformation on the recrystallization temperature of copper and aluminum. 
Table 3 shows the mechanical properties of wires before the annealing process 

Table 3 Mechanical properties of wires in grade Cu-ETP and EN AW-1350 

EN AW-1350 Cu-ETP 

Diameter 

(mm) 

UTS 

(MPa) 

Proof Stress 

(MPa) 

Elongation A250 

(%) 

Diameter 

(mm) 

UTS 

(MPa) 

Proof stress 

(MPa) 

Elongation A250 

(%) 

9.5 95 72 17.25 8.0 220 140 40 

8.7 108 133 4.94 7.0 304 298 4.73 

6.0 134 140 0.85 5.5 371 350 3.23 

4.5 150 147 1.15 4.5 397 378 2.50 

2.9 160 158 1.80 2.5 446 434 1.03 

Figures 4 - 7 show the softness curves of the examined copper and aluminium wires, in which the dependence 
of the change in tensile strength is shown in Figure 4 - the proof stress curve and in Figure 5. 

  
Figure 4 Relationship between tensile strength and annealing temperature of copper wires (left) and 

aluminum wires (right) 
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Figure 5 Relationship between proof stress and annealing temperature of copper wires (left)  

and aluminum wires (right)   

Based on the above characteristics, the dependence was developed of the influence of the deformation 
strengthening on the recrystallization temperature of the studied wires. 

  
Figure 6 Relationship between recrystallization 

temperature and strain hardening of Cu-ETP  
and EN AW-1350 

 

Figure 7 Relationship between recrystallization 
temperature and strain hardening of Cu-ETP  

and EN AW-1350 (logarithmic system) 

Based on Figures 6 and 7, showing the graphs illustrating the effect of deformation on the change in the 
recrystallization temperatures of Cu-ETP and EN AW-1350 mathematical models have been determined to 
describe said dependence. In both cases, this relation has been described as an exponential function in the 
form:  
푇 = 푎 ∙ 푙푛휆   , where 

TR - recrystallization temperature 
lnλ - true deformation 
a, b - material constants 

The Table 3 shows the values of parameters a and b of the analyzed materials. 

Table 3 Parameters of the function describing the effect of deformation on the recrystallization temperature 

Material a b 

Cu-ETP 218 -0.147 

EN AW-1350 338 -0.073 
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Based on the analysis of the above mathematical models of the effect of the deformation on the change in the 
recrystallization temperature of the materials tested, it can be stated that the power factor coefficient b for 
copper is twice that of aluminum. In turn, the coefficient a is higher for aluminum. Thus, the effect of strain 
hardening in the case of copper results in a significant decrease in the recrystallization temperature, as 
compared to aluminum. The cause of the above situation results primarily from the diversity of the input 
materials. Both batch materials were formed in a continuous casting and rolling line. Figure 8 shows the 
macrostructure images of the ingots produced in the Hazzalett machine (copper) and the Properzi wheel 
(aluminum). In both cases we are dealing with a typical foundry structure with clearly marked crystallization 
interfaces. As a result of the hot rolling process, the so-called wire rod is obtained, whose macrostructure is 
shown in Figure 10. Let's note that copper rods are characterized by a fine grain structure - grain size does 
not exceed 30 μm (see Figure 9), which is a result of dynamic recrystallization. In turn, aluminum rod during 
the rolling process did not get a fine grained structure like copper rod. In this case, there was no dynamic 
recrystallization process, with the curing process taking place instead. Hence the differentiation of the two input 
materials for the drawing process results [5].   

  

Figure 8 Ingot Cu-ETP, EN AW-1350 Figure 9 Wire rod Cu-ETP - 8.0 mm,  
EN AW-1350 9.5 mm 

The Figures 10 and 11 shows the structure of copper and aluminum wires after the annealing process. We 
may note that the variation in the structure of the raw material directly translates into the differentiation of the 
structure after the annealing of the wires produced therefrom. 

  

Figure 10 Microstructure of Cu-ETP wire with a 
diameter of 2.00 mm in annealed temper 

Figure 11 Microstructure of EN AW-1350 wire with 
a diameter of 3.0 mm in annealed temper 

4. CONCLUSION 

Based on the results of the research, the following conclusions were made: 

1) As a result of the drawing process of aluminum and copper rods, it was found that in the case of copper 
rods, there was over two times increase in strength properties compared to aluminum rods. This is due 
to the higher strength properties of copper rod compared to aluminum rod. 
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2) The recrystallization temperature of aluminum wires is about 200 ° C higher than that of copper wires 
with the same strain hardening. There was a significantly different recrystallization kinetics in the studied 
wires (different tilt angle of characteristic UTS = f(T)), which translates into the need for other current 
settings for annealing in drawing lines). 
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Abstract  

High strength properties and a wide range of deformation hardening, particularly in case of dynamic 
deformation, enable application of manganese steels in the structure of highly strained elements constituting 
mechanical vehicle framework. This is true primarily for railway, automotive and military industries, where not 
only decrease in weight, but also safety improvements are of importance. Favourable combination of strength 
and ductility, as well as excellent ability to absorb energy in the deformation process which is a characteristic 
of those steels allow the assumption that the possibilities of their usage in the structures of means of transport 
will become more and more common, and that the demand for materials of that kind will be growing along with 
the sharpening of structure regulations and bump test norms. Mechanical properties together with mass 
density higher than in traditional types of steel constitute a new quality of steel structure materials designed 
for those industries. Manganese steels are characterized by their ability to activate distinct deformation 
mechanisms, such as twinning induced by plastic deformation, that is referred to in technical literature as the 
TWIP effect (twinning-induced plasticity), as well as MBIP (microband-induced plasticity), that are responsible 
for the combination of high strength and ductility in steels to be examined and consequently, for high energy 
absorption, a basic control parameter in crush tests carried out on vehicles. The aim of this research is to 
explain of structural phenomena that take place during mechanical twinning induced as well as formation 
deformation microbands in austenitic matrix by dynamic plastic deformation in steels with the TWIP effect. This 
research focuses on the analysis of structure changes taking place in manganese steels depending on the 
stacking-fault energy (SFE) affected by chemical composition, and on the applied variable plastic deformation 
rate. The conducted research will generate data for the model description of structure changes under the 
influence of varying deformation rate that take place in manganese steels of different SFE value. 

Keywords: Manganese steels, TWIP effect, dynamic deformation, microstructures 

1. INTRODUCTION 

Current needs of the most important branches of economy, such as, for instance, automotive and railway 
industries, are connected with manufacturing of new materials with significantly more favourable set of 
mechanical and plastic properties, and taking the economic aspects under consideration. Pursuit of reduction 
in vehicle mass results in application of various material groups such as composites, polymers or light alloy 
materials, but the most important elements with the highest degree of responsibility for safety are still 
manufactured from steels. However, the approach to designing modern steels with a broad range of strength 
and plastic properties is changing fundamentally [1-5]. Among these steels, one may include steels from the 
group reinforced in the result of structural effects induced by plastic deformation. Particularly selected groups 
of Advanced High Strength Steels (AHSS) with manganese exhibiting characteristic effects during 
deformation, i.e. the ones caused by hardening by mechanical twinning of the austenite, the so-called TWIP 
effect (twinning induced plasticity), and hardening by formation of shear microbands in the austenite, the so-
called MBIP effect (microbands inducted plasticity) Figure 1, belong to them [1, 7-10]. Both these effects 
influence uniquely the combination of mechanical and plastic properties, and their occurrence depends on the 
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criterion of selection of chemical composition, and therefore control of stacking fault energy SFE. The details 
of the mechanisms controlling strain-hardening in high manganese steels are still unclear [2,7,8-14]. 

 
Figure 1 New-generation groups of AHSS manganese steels with a schematic presentation of the main 

mechanism of their hardening (developed based on [2-5, 9]): a) hardening by mechanical twinning,  
b) hardening by formation of shear microbands 

SFE value is the measure of tendency to twinning induced deformation. and is in manganese steels in the 
range of 20 mJ / m2 to 60 mJ / m2. For SFE above 60 mJ / m2 stell as tend to develop microbands [17, 19, 22, 
23]. The value of stacking fault energy is controlled by contents of alloying elements, so the variable is the 
value of ΔGγ→ε being a difference of molar Gibbs free energy between austenite and martensite phases in 
relation to the individual alloying elements. The fundamental alloying component controlling stability of 
austenite during deformation of the discussed steels is manganese. Increasing its contents initially leads to a 
decrease in SFE to a minimum value below 5mJ/m2, and then increases again. Simultaneously at this Mn 
contents, introduction of Al to the steel generates an increase in SFE and effectively limits the deformation-
induced γ→ε→α transformation, stabilizing high-manganese austenite, what also favours deformational 
hardening in a result of TWIP and MBIP effects [5, 6 8 - 14]. The SFE value depends not only on the chemical 
composition, but also on the deformation temperature. Correlation of these two factors directly determines the 
dominant deformation mechanism, especially in relation to manganese steel [2]. As temperature increases, 
thermal activation facilitates slip dislocation, inhibiting the growth of deformation twins [24]. However, it has 
been shown that up to about 300 ° C the tested TWIP steels still have an EBU of between 20 mJ / m2 and 60 
mJ / m2. Therefore, the effect of temperature on changing EBU should only be considered at temperatures 
above 300 °C. It is characteristic that manganese steels, especially TWIP, have a strong relationship between 
properties and deformation rate [21-27]. They show the ability to be strengthened with the increase in 
deformation rate without loss of good plastic properties. Contrary to the increasing number of publications on 
the properties of manganese steel deformed under high speed conditions, little is known about the structural 
changes that accompany this process. Part of the work also applies only to deformation in cold or hot working 
processes [10, 11, 17, 19]. Only in a few works can you find reports on the structure of Mn-Al steels, including 
TWIP and its changes analyzed by LM and TEM techniques under deformation at high strain rates. In the 
paper several properties of manganese TWIP steel as well as the microstructure analysis after static and 
dynamic deformation was performed.  

2. EXPERIMENTAL PROCEDURE 

A manganese steel Fe - 26 wt.% Mn - 5 wt.% Al - 5 wt.% Si - 0.6 wt.% C, was the material for studies. The 
steel was smelted in a vacuum induction furnace with a ceramic melting pot, and cast using gravity casting 
technique. The obtained ingots were forged into round bars with a diameter of 20 mm. The forging was carried 
out so as to the forging start temperature was in the range of 1150°C ÷1140°C, and the forging finish 
temperature was not lower than 900°C. After the forging, the bars were subjected to hyperquenching from a 
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temperature of 1170°C. In this material state, the studied steel had a monophase austenitic structure with 
characteristic annealing twins, with a hardness 185 HV2. The static tensile tests were carried out at standard 
ZWICK machine with a maximum force of 250 kN. The series of measurements was made according to PN-
EN ISO 6892-1: 2010 [28]. Round specimens with a diameter of 4 mm, ending with threaded M10 heads, were 
used. A measuring base of 20 mm length was used for measuring the elongation A5. The strength and 
geometry of the sample before and after the deformation were determined by the following: tensile strength 
TS, yield strength YS, elongation A5.The dynamic tensile tests were carried out on a flywheel machine of RSO 
type, owned by Institute of Materials Technology of Silesian University of Technology, with an impact linear 
velocity in the range of 5÷40 m/s, corresponding to deformation rates in the rage of 102÷104 s-1. During the 
dynamic tensile tests, the sample is connected to the top holder, and it is deformed by an impact of a ram into 
the anvil of the bottom holder. The ram linear velocity was determined by a measurement of the rotational 
speed of the ram’s flywheel. Smooth cylindrical samples with a diameter of 4 mm and a measurement part 
length of 20 mm were used for the tests, bilaterally threaded in the holder part. During the tests, the course of 
the tensile force vs. time, and the linear velocity of the ram placed in the flywheel, were recorded. Based on 
the force characteristics and sample geometry measurements before and after the deformation, the following 
parameters were determined: limiting deformation εg, deformation rate, tensile strength TS. The structural 
studies were carried out by optical light microscopy and in the submicroscopic scale, using transmission 
scanning electron microscopy. The hardness measurement was carried out by Vickers method under a load 
of 2 kg. 

3. RESULTS AND ITS DISCUSSION 

The results of the static tensile test are shown in Table 1. The YS of the deformation steel at 0.0005 s-1 is 680 
MPa and decreases to 630 MPa for deformation at a rate of 0.01 s-1. Steel reaches TS, 915 MPa for 
deformation at 0.0005 s-1 and 820 MPa for deformation at 0.01 s-1. Good plasticity properties were achieved, 
elongation of A5 was 40%. For the 0.0005 s-1 deformation rate YS / TS yield index reaches 0.74 and the 
deformation rate 0.01 s-1 is 0.73. 

Table 1 Results obtained in static tensile test of steel.  

Strain rate, s-1 TS YS A5, % YS/TS 

0.0005 915 680 41 0.74 

0.01 820 630 40 0.73 

Dynamic deformation tests using flywheel machine were carried out with the ram’s linear velocity of 15, and 
30 m/s. It corresponds to obtained deformation rates in the range of 100÷4000 s-1. The calculated value of the 
deformation limit εg increases as the steel deformation rate increases during dynamic tests (Table 2). The 
tested steel achieves high values of the deformation limit. For deformation rate 1830 s-1, the εg is 0.94, while 
for the deformation rate 4650 s-1 the value of εg is 1.30. Such characteristics indicate that the material is 
characterized by very high plasticity at deformation at very high speeds. The studied steel exhibits sensitivity 
of the stress to the deformation rate. Values of the TS determined after dynamic tests are gathered together 
with the TS value after the static tensile test. The investigations indicate that an increase in the deformation 
rate is accompanied by an increase in the tensile strength. In the static tensile test, the average value of TS 
amounts to 870 MPa, while after the dynamic tensile test, this values increases almost twice, reaching 
averages of 1517 MPa and 1633 MPa, for the ram’s linear velocities of 15 m/s and 30 m/s, respectively. At the 
highest ram’s linear velocity used, i.e. 30 m/s, the studied steel exhibits the highest tensile strength. The 
studied steel is being strongly hardened, what is confirmed by the results of the hardness test. Measurement 
of hardness was done on longitudinal elimination with a 0.35 mm step on a 15 mm2 surface. Measurements 
were made at a distance of 0.5 mm from the edges of the sample. Hardness measurement values averaged 
for each deformation variant (Table 3) indicate an increase in the hardness of the steel under test due to the 
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increase in deformation rate, with the highest increase in hardness HV2 occurring at the transition from the 
static to the dynamic range. 

Table 2 Results obtained in dynamic tensile test of steel.  

Strain rate, s-1 Linear velocity, m/s  TS εg 

1580 15 1545 0.87 

1830 15 1490 0.94 

4190 30 1650 1.15 

4650 30 1615 1.30 

Table 3 Results of hardness HV2 after static and dynamic tensile test of steel.  

Strain rate, s-1 HV2 

initial state  185 

0.0005 360 

0.01 340 

1830 380 

4650 401 

On the base of dynamic tests results according to formula (1) as the integral represents the field of the tensile 
graph between the curve, the abscissa and the end of the graph we obtain the value of deformation work. 
Follow then we calculated the energy absorption during the deformation process according to formula (2). [29 
- 31] 
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where : Lu - deformation work, J; 

 VS - volume of measuring base, mm3 

The calculated value of the plastic deformation Lu required to break the specimen in the tensile test on the 
flyhweel machine is 4650 s-1 106.5 J. The results calculated for the series of samples are shown in Table 4. It 
can be seen that the increase in the deformation rate of the test steel affects the increase in the value of 
deformatin work required to destroy a sample in dynamic tests. The value of the absorbed energy of the 
deformation, ie the EABS, was determined by the plastic deformation measured in relation to the sample volume 
[29-31]. 

Table 4 Results of calulated  Lu and EABS after dynamic tensile test of steel.  

Strain rate, s-1 Lu, J EABS, J/mm3 

1830 77 0.30 

4650  114 0.47 

The results show that the steel exhibits the highest energy absorption capacity at stretching speed of      4650 
s -1 and is 0.47 J / mm3. The structure of the tested steel after static and dynamic tensile reveals the effects of 
cold plastic deformation in the form of austenite grains inside which mechanical twists and deformation bands 
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occur (Figure 2). An increase in defected caused by the increase in deformation rate is observed. After 
deformation in static conditions (Figure 3a) highly defected areas dominate the structure. On the background 
of the cellular dislocation structure there are single mechanical twins and microbands. Twins deformation occur 
in one twin system. The cellular structure borders on areas of high defected of austenite. Deformation at 
dynamic conditions Figures 3b, c) favors the formation of a cellular dislocation structure. Usually dislocation 
cells are poorly formed and austenite areas are characterized by very high degradation. There are also 
selected areas of well-developed dislocation cells (under the highest strain rate conditions) and occupy most 
of the austenitic matrix. The twinning process is activated and predominantly two primary and secondary 
systems are active. Twins of deformation are visible in the form of bands of varying widths. The distinctive 
deflections of the twins of deformation, resulting from the high activity of the twinning system, are noticeable. 
The microbands are visible as the effect of deformation.  

  
Figure 2 Microstructure of steel after a) static tensile, b) dynamic tensile, SEM, visible defected austenite 

structure by creation of mechanical twins and microbands 

 
                   a)                                                        b)                                                      c) 
Figure 3 Microstructure of steel after a) static tensile, b, c) dynamic tensile, STEM, visible defected 

austenite structure by creation of mechanical twins and microbands. 

The high deformation rates initiates the processes of intense mechanical twinning. Against the backdrop of the 
dislocation structure that undergoes transformation, the twin systems of deformation develop in two systems. 

4. CONCLUSION 

In literature, there is little work in which the changes of the microstructure of high-manganese steel 
strengthened by mechanical twinning occur under different cold deformation rates. The results obtained and 
presented here are a new concept. The use of static and dynamic tensile methods has allowed the material 
characteristics to be obtained over a wide range of steel deformation rates. The dynamic test confirmed that 
the TS of the steel is sensitive to the deformation rate. Under tensile conditions at the maximum strain rate, 
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the steel is characterized by high plasticity. It was calculated that the steel is characterized by high EABS  value. 
It confirms the ability to capacity dynamic loads. Under static tensile conditions, the dislocation slip plays a 
dominant role in the deformation of steel. Under the dynamic conditions, the share of the twinning  mechanism 
in the steel deformation increases. Twins are most often formed in two systems, and the process of generating 
mechanical twins is accompanied by the effects of dislocation slip. There is a continuous transformation of the 
dislocation structure as a result of increasing deformation. 
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Abstract  

The evolution of the new microstructures produced under hot deformation conditions is reviewed. The Finite 
Element Method (FEM) and Experimental Planning Method (EPM) has been used for the examination of the 
combined effect of the temperature-strain-time parameters of structural and stainless steels during rolling and 
forging metal forming technique. It is shown that simulation of recrystallization for the definite cross-section of 
profile by FEM on the base of the data obtained by EPM allowed to predict structure and mechanical properties 
and to develop computer modelling for the different cross-section of finished profile. 

Keywords: Simulation, recrystallization, rolling, forging, steels, experimental planning method (EPM), finite  
                    element method (FEM), mechanical properties 

1. INTRODUCTION 

The main aim of computer modelling and simulation is to contribute to making better products cheaper and/or 
faster. The hot metal forming processes, including High Temperature Thermomechanical Processing (HTMP), 
are aimed at shape formation and also at improving the mechanical properties. The last ones result in the 
formation of the products of hot deformed austenite transformation to martensite, bainite or pearlite due to 
hereditary influences on their morphological and substructural characteristics [1-3]. As for industrial conditions 
of hot deformation it is difficult to prevent start of recrystallization processes because of different reasons 
(temperature and strain rate changing, layout of deformation and cooling equipment and etc.).The mechanical 
and some functional properties of metals and alloys result in hot deformation and HTMP are determined by 
the special feature of the structure formed of two competitive processes: strengthening (work hardening) and 
softening (dynamic and meta-dynamic recrystallization) [1,2,4]. The kinetics of these processes depends on 
the temperature-strain parameters and determined by the combined effect of the last ones, i.e. HTMP is a 
multiple-factor process. To achieve precise prediction control of product quality, the details of microstructural 
evolution occurring during hot deformation and cooling should be illustrated in the model. The past decade 
has involved a number of investigators developing mathematical models to predict the final structure and 
mechanical properties of hot deformed steels. Most of these are based on models proposed by Sellars and 
cowokers [5]. The physical models developed by different groups, e.g. Corus, VAI, differ in detail in the form 
of relationships used in each physical sub-model, but essentially they operate in the same way to compute the 
evolution of microstructure [6-8]. The conventional methods of the effect of hot deformation and HTMP 
parameters examination, the main of which are deformation temperature (Td,0C), strain (℮), strain rate(ė, s-1), 
and the time elapsed from the end of deformation to the start of quenching (, s) are based on the variation of 
the factor with the remaining process parameters being constant. This greatly complicated the search for the 
optimal conditions. EPM has proved to be a good tool for the definite relationship between hot deformation 
(including HTMP) parameters and mechanical properties [9]. For this reason, EPM has been used for the 
examination of the combined effect of the mentioned above parameters on the structure and mechanical 
properties. The main problem in the development of HTMP is the construction of the regression model which 
could be used to control the process, moreover to create mathematical model, which may be foundation for 
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computer modelling. It is important to obtain a quantitative estimation of the development of recrystallization 
(dynamic and meta-dynamic) for various values of the main processing parameters. In view of the fact that hot 
deformation and HTMP schedules are many respects dependent on the characteristics of a given rolling mill 
(permissible loading of the mill stand, distance from the rolling mill to the quenching installation, etc.), it seems 
necessary to use diagrams enabling a quantitative evaluation of the development of recrystallization to be 
made in relation to major process parameters. Simulation of hot deformation and HTMP for the definite cross-
section of profile by FEM on the base of the data obtained by experiment planning method allowed to predict 
structure and mechanical properties and to develop computer modelling for the different cross-section of rolling 
profile. 

2. EXPERIMENTAL PLANNING METHOD  

The experiments has been realized into the above mentioned hot deformation parameters during continuously 
air cooling applied austenitic stainless steel AISI321. The optimization parameters (target functions) were 
represented by the fraction of recrystallized structure (R, %) and yield strength (YS, MPa). The level of the 
factors variations were selected on the basis of the actual possibilities of the process realization. Experiment 
of type 33 was realized. All the 22x22 mm section billets were heated in electric furnace prior to rolling to 
1100oC. Some of samples had been deformed at 1100oC and the remainder had been rolled after air cooling 
to 1000 and 850oC. The rolling reductions used were 10, 20, and 30% and times between the end of rolling 
and start of quenching were 1, 100, and 1000 s. Curves plotting the distribution of the fraction (%) of 
recrystallized grains were derived for each specimen and had been used to estimate the average size of the 
fraction. Figure 1 shows recrystallization diagram which can be used to determine the fraction of 
recrystallization, R in relation to rolling temperature (t roll), strain (rolling reduction,,%), and time between the 
end of rolling and start of the accelerate cooling (, s).  

 

 
Figure 1 Recrystallization diagrams for AISI321 steel under hot deformation conditions:  

a) =1s; b) =10%; c) =20%; d) =30% 
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It can be seen from Figure 1 that dynamic recrystallization (1 s) occurs only at the deformation temperatures 
 1000 C with the reduction 20 %. During the deformation temperature of 850C, no recrystallized grains 
were observed in any of the specimens studied. As a result of the data processing regression equations 
describing the dependence of the yield strength (YS) and R on the hot deformation parameters were obtained 
for the experimental material and given region of the factorial space. The recrystallization's degree and yield 
strength - Td, ,  relationship were obtained by accounting of experimental planning method. 

R = 24.3 + 14.3X + 24.0Y + 13.3Z + 15.2XY + 8.4YZ - 5.25Y2 - 4.0XYZ - 3.75XY2Z + 2.6Z2         (1) 

YS =  319 - 22.0X - 47Y + 20.0Z +6.0XY - 15YZ - 6.0YZ2 + 4.0Y2Z,      (2) 

where  X = 2/3lg ;  Y = 0.01Td - 10;  Y2 = 293 - 0.6Td + 0.0003Td2; 

Z = 0.01 - 2;           Z2 = 10 - 1.2 + 0.0032. 

From (1), and (2) we notice that the regression equations which describe the effect of HTMP parameters on 
the R and YS are quadratic. Besides the regression equations also contain several significant terms which 
take into account the paired interactions. The statistical models (1), and (2) give possibility to fit such 
relationship between parameters Td,  and  in the solution of the problem of quality control that will be provide 
required level of R and respectively mechanical properties, in particular YS= f (R). In order to use the performed 
laboratory experiment results which were carried out with the 22x22 mm prior to deformation section billets for 
the plates or profiles of other cross-section shape with various thickness of the same steels type it is required 
to complement the (1), and (2) statistic models which describe the thermal operations conditions of required 
steel plates thickness. As is evident from the equation (1), in the examined range of the factorial space, 
corresponded to the real industrial conditions, the most significant factor is deformation temperature and 
cooling time until quenching paired interaction. From physical point of view this interaction is determine by the 
quenched temperature. It is necessary to follow conditions of physical similarity of laboratory and industrial 
processes for applying results of laboratory investigations of the dependences of recrystallizations fraction, 
yield strength and other characteristics from deformation temperature, reduction, quenched temperature 
applying to the kind of hot deformation and HTMP. Physical simulation has been provided by corresponding 
thermo-physical and deformation characteristics of processes. Thermo-physical process modelling has been 
achieved by solving of unsteady heat transfer differential equation with boundary conditions of the third mode 
with given heat change surface condition of the sample or workpiece (metal sheet or other profile). When the 
heat transfer task is solved and temperature in every point of cross-section of the profile at every required 
moments of time is known we transfer the results of laboratory studies to industrial workpiece. For transferring 
of the results of laboratory investigations to real object it is necessary to simulate process of deformation. It 
has been achieved by solving of plastic flow task for definite cross-section of profile or forge piece. The form 
changing process from initial to final profile is followed during solvation. In every spot (in each node of finite 
element) at every moment the components of deformation, stresses and movements is being counted. Thus, 
the degree and rate of deformation are known in each point of cross-section. If it`s known we can refer to the 
results of corresponding laboratory experiments. To be use the recrystallization diagrams, which were 
constructed on the basis of experimental data (Figure 1) in order that to predict properties of rolled plates of 
the AISI 321 type steel with various thickness it is necessary to go over from the combination of Td -  -  - 
factors to the combination of Td -  - Tq - factors (where Tq - quenching temperature), simultaneously to retain 
invariable heat exchange conditions. Mathematical models of YS = f1 ( Td, ,Tq ) dependences can be obtained 
by accounting cooling curves of 22x22 mm rolled in the 210 mill with the air cooling after deformation. Under 
three factors ( 33 ) experimental planning data treatment instead of time factor it will take part other one, 
conforming to the start of rapid cooling billet temperature which in actually is quenching temperature. As a 
result, the models according to the Td -  - Tq factor system will stand up as follows. 
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YS = 322 + 18X - 59Y + 24Z - 22YZ                                                                                                               (3) 

R  = 25 - 11.4X + 24.2Y + 14.2Z - 11.9XY + 9.5YZ - 4.4ZY2 + 4.1XYZ                         (4)  

where X = Tq/300 - 2,    Y = 0.001Td - 10,    Z = 0.1 - 2 

Y2 = 298 - 0.6Td + 0.0003Td2. 

For the calculation of the yield strength and recrystallization fraction in case of the required thickness (h) plate 
rolling with the designated reduction and temperature it is necessary to simulate cooling process for the 
concrete plate billet under deformation in the rolling stand and following air cooling. As this take place the time 
when the billet between the rolls  from start to the end of the rolling will be result from the linear rolling speed 

-  =  x r and length of arc of the roll contact - l =  corresponding to rolling in the rolls with the r - 
radius,  - angular roll rotation speed, where h - draught. Heat changes conditions are similar to the 
experimental ones with the 22 x 22 mm cross-section billets. If we will follow to the deformed plate cooling 
conditions it is possible to definite the time when the plate temperature will reach the quenching temperature. 
This quenching temperature in combination with the set preliminary rolling temperature (Td) and reduction  
(  ) will give the required properties level which are calculated according to the (3), and (4) equations. Thermo-
physical processes modelling of rolling with the following cooling are realized by means of numerical solution 
of unsteady heat transfer equation by the finite elements with the time various third mode boundary conditions. 
As an example of graphic illustration the designed cooling and properties in the centre of the rolled plates with 
the initial thickness h o = 50 mm and rolling with reduction  i = 10, 20 and 30 % and Td=11000C and 10000C, 
(a) and (b) respectively to the plates with the finite thickness h i = 35 mm are shown in Figure 2. But it is 
necessary to take into account that cooling in water is realized in designated time with the plate temperature 
corresponding to this time. Thus, mathematical simulation of thermo-deformation processes of real object 
allows to set up the temperature, time and deformation in each point of profile cross-section. As a result, 
knowing this combination of parameters we can find the properties of workpiece from the same material which 
are known at base on laboratory experiment with samples. 

 
Figure 2 Nomograms for defining of the recrystallization fraction, R and yield strength, YS 

in the billet with final thickness 35 mm: Td=11000C (a) and 10000C (b) 

3. FINITE ELEMENT METHOD  

Using the technique of studying a dynamically recrystallized grain with computer simulation [10, 11], we can 
analyze the structure that forms in a part during deformation and to optimize the process of production of the 
part in order to ensure its required properties. In this work, we consider an axisymmetric non-isothermal 
problem of stamping. It was took into account the rheological properties of the steel that were obtained during 

hrx
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physical modeling; Young’s modulus; the thermal conductivity; the emissivity; the convection coefficient; and 
the blank, punch, and die sizes. The die temperature was chosen to be 100°C, which took into account the 
contact heating of the die as a result of heading of the previous blanks. The results of computer simulation of 
the temperature-deformation fields in a part were compared with the structure studied upon physical modeling 
of the process performed at similar deformation - temperature parameters. Some of the results of this 
comparison are presented in Figure 3. Note that the high temperatures and strains at the edge and the center 
of the bolt head (Figure 3; zones 1, 2) cause higher development of recrystallization as compared to other 
regions but to relatively low values, R = 8-11% at T = 850-1050°C and e = 0.9-1.8. The zone where the neck 
joins the bolt head contains the boundary that separates deformed and under-formed regions (in real practice, 
fullering is performed in this zone to decrease the heterogeneity in this zone). In the near-surface regions 
(zone 3), the degree of recrystallization is low (R = 1-2%) because of a low temperature and insignificant 
deformation. As follows from the flow stresses, the deformation conditions at T= 850°C, è = 1 s-1, and e = 0.9 
do not relieve the internal stresses in the deformed region (zone 4). This is also indicated by the data of 
microstructural analysis, which exhibit no signs of recrystallization. According to the simulation data, 
recrystallization does not occur at e = 0.4, è = 1 s-1, and T = 950°C. After the end of stamping, a predominantly 
deformed structure with a low fraction of recrystallized grains (mainly coarse elongated grains exist) is 
observed in the zones that are adjacent to the punch and the die and the strain in these zones is 0.3-0.6. The 
temperature was found to decrease gradually from the edge to the center of the head. Moreover, the surface 
layer temperature decreases significantly down to a temperature below the end of recrystallization, which is 
related to the low die temperature (100°C). However, a high strain rate provides heating at the center of the 
blank and a gradual heat flow to the cooled surface. 

 

Figure 3 Strain, temperature and recrystallized structure fields in the section of a bolt head at stamping 

The example of FEM calculation applying to hot rolling of steel AISI321 shown in Figure 4. Thus, mathematical 
simulation of thermo-deformation processes of real object allows to set up the temperature, time and 
deformation in each point of profile cross-section. The same approach has been used applying to 
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superalloys.As a result is to be known this combination of parameters we can find the properties of workpiece 
from the same material which are known at base on laboratory experiment with samples. 

           

Figure 4 Strain and temperature fields in the section of AISI 321 rolled strip 

4. CONCLUSION 

Experiment planning method has proved to be a good tool for the modeling relationship between temperature-
strain-time-time hot deformation parameters and fraction recrystallized and mechanical properties 
determination. 

The proposed simulation of recrystallization for the definite cross-section of the billets by Finite Element 
Method technique on the base of the data obtained by experimental planning method is promising to predict 
fraction recrystallized and mechanical properties for the different cross-section of rolled or forged profile.  

REFERENCES 
[1] DEARDO A.J. New Challenges in the Thermomechanical Processing of HSLA Steels, Materials Science Forum, 2003, 

Vols.426-432, pp. 49-56. 

[2] JONAS J.J., BARNETT M.R. AND HODGSON P.D. Thermomechanical Processing; Materials Processing Handbook, 
CRC (Chemical Rubber Corp.) Handbook series, Taylor & Francis; eds. J.R. Groza, J.F. Shackelford, E.J. Lavernia and 
M.T. Powers,2007, 29, p.1. 

[3] G.E.KODZHASPIROV ,A.I.RUDSKOY, Substructural strengthening of medium-carbon alloyed steel with preliminary 
thermomechanical processing. Acta Physica Polonica A, 2015, Vol.128, No.4, pp.527-529.  

[4] KODZHASPIROV G.E., RYBIN V.V., APOSTOLOPOULOS H.  Role of mesostructured in thermomechanical treatment 
of metallic materials. Metal Science and Heat Treatment, 2007, Vol.1-2, pp.24-28. 

[5] C M SELLARS 50th Hatfield Memorial Lecture: The University of Sheffield, 2002. 

[6] J.H.BEYNON AND C.M.SELLARS, ISIJ International, 1992, 32, p.359. 

[7] A.J.Trowsdale, J.P.Tunstall, K.Randerson, P.F.Morris and  Z.Hussain, Proc. Conf. on 

[8] J.H.BEYNON et al.  Modelling of Metal Rolling Processes, London,.1999, 3rd ed, 

IOM Communications Ltd, London, 1999, p 12. 

[9] G. E. KODZHASPIROV, A. I. RUDSKOY, V. V. RYBIN, Physical Fundamentals and Resource-Saving Technologies in 
the Production of Parts by Plastic Deformation [in Russian], Nauka, St. Petersburg , 2007, 350 p. 

[10] G. KODZHASPIROV, A. BOROWIKOW, and M. TERENTYEV, Modeling the hot deformation stress-strain curve of a  Ni-
based superalloy, Materials Scince Forum 2013,762, pp. 753-756. 

[11] A. I. RUDSKOI, G. E. KODZHASPIROV, AND E. I. KAMELIN, Dynamic recrystallization during the hot stamping of 
complex-profile parts made of an Ni-Cr-Fe alloy, Forging and stamping production, [in Russian] 2014, No. 6, pp. 16-19. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

326 

ELECTROMAGNETIC FORMING OF THIN-WALLED TUBES INTRODUCTION 

MORAVEC Ján 

University of Žilina, Faculty of Mechanical Engineering, Department of Technological Engineering, Žilina, 
Slovakia, EU, jan.moravec@fstroj.uniza.sk 

Abstract 

This contribution deals with an unconventional way of connection of steel pipes with a thin wall. In the 
introduction, it is described by one of the methods of electromagnetic forming tubes. The essence of the 
phenomenon is the induction. Through the coil will lose its accumulated energy, resulting in a repulsive power 
that causes strain times. Below are described the theoretical conditions of the process and the three possible 
transition phenomenon in electromagnetic circuits. For the following experiments have proved to be a suitable 
condition when it is dampened by the current at the limit aperiodicity. The experimental section, deals with the 
real structural solution of forming equipment for electromagnetic forming tubes. According to equation (1) as 
referred to in the text of the contribution was determined by the number of turns of the coil. With this coil will 
carry out experimental work, thus linking the two tubes. The images in the text of the contribution of the entire 
forming process illustrate. In experimental verification, it was found that an important point is the length of the 
associated parts. Of great importance, in particular, the thickness of the walls of the pipe. Decreasing the 
thickness of the walls is in direct dependence with increasing diameter of the hole, or the coil may have higher 
parameters, as shall be determined by calculation, which is but one of the important conditions for the success 
of the process after making experiments in the connection parts. 

Keywords: Magnetism, sheet metal forming, tubes, samples 

1. INTRODUCTION 

Technology of forming has held a prominent place in engineering for several decades. The main advantage of 
forming is considerable savings in materials, which appear to be highly appropriate and adequate considering 
the current pressure on greening the production (in general, and worldwide). An unquestionable advantage of 
forming is its relatively easy process automation. The great significance of forming technology is also in the 
fact that it allows for a substantial increase in labour productivity, which is reflected in particular in the 
shortening of the cycle of production and reduction of labour intensity. Application of new knowledge in the 
production and the use of the technology advantages depend also on the proper construction of forming tools. 
Relatively higher prices of forming tools, when compared to chip machining tools, impedes penetration of 
forming technology into piece and small series production. For a long time, experts have been looking for ways 
to introduce forming technology into this realm. It involves the application of new procedures, consisting in 
particular of using the knowledge of physics that is a huge and solid source of ideas. Forming in this case 
mainly takes place in the so-called non-fixed tools. It encompasses machine tools that involve new design 
solutions where full-metal tools are not needed. This results in minimised production costs and shorter 
preparation times of the production [1 - 5].  

This paper describes one of the non-conventional technologies of forming. The general question is whether it 
is possible to replace the usual way of forming with another, i.e. a non-conventional method, using 
magnetisation processes. The term “magnetisation process” generally includes any change in the magnetic 
state of the substance. In a stricter sense, magnetisation processes usually include changes in the magnetic 
state induced by the processes in the domain structure of ferromagnetic or ferrimagnetic materials, in particular 
due to domain walls shift and magnetic polarisation vector rotation. First, the following paragraph introduces 
theoretical knowledge, then we describe a laboratory design solution for a thin-walled tube forming tool in the 
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elastic deformation domain, where it is possible to combine tubes into a single whole  
[6 - 9]. 

2. APPLICATION OF ELECTROMAGNETISM 

The essence of electromagnetism is induction. Electromagnetic field must be generated around the 
components of the conductor to be shaped (formed). We have to make a coil through which the energy 
accumulated in a set of capacitors can be discharged. This generates repulsive force between the coil and the 
component - conductor, which causes deformation pulse. The resulting effect depends on the density of vector 
lines of the electromagnetic field flow. Figure 1 schematically shows tube forming.  

 

Figure 1 Scheme of an electromagnetic method used in tube forming 

Conventional devices operate with a voltage of 8 - 15 kV, and energy of 12 - 20 kJ. The discharge time is four 
to ten seconds. The forming pressure is usually 3500 - 5000 MPa.  

The method is suitable for tube forming (even extrusion of rounded threads), for pulling and trimming of sheet 
metal to a thickness of 2 mm, for connecting cable loops and conductors, for connecting non-metallic materials 
with metallic ones, and for relief decoration on sheet metal surfaces. The material to be formed must have a 
high electrical conductivity - the maximum is 10 % lower than the conductivity of copper. Forming material with 
lower conductivity is possible only after it has been copper-plated. 

High pulse forces act on the component as well as on the coil. Therefore, coils are made in two types: 

1) continuous, pre-stressed, insulated with synthetic resin-glass fibre, coated, made of Be and Cu, 

2) temporary coils that are destroyed at each work run.  

The method enables forming even the materials that have been difficult to be formed so far. These materials 
achieve more reshaping, which eliminates the additional machining and annealing. Maintenance is 
inexpensive because the device has no moving parts. [10 - 14] 

3. THEORETICAL KNOWLEDGE 

3.1. Transient phenomena in electrical circuits   

It is necessary to examine the progress of current i (t) in a series RLC circuit connected to a stationary abrupt 
voltage U (Figure 2). The above circuit has zero initial conditions, i.e. zero current through the inductor 
iL (0-) = 0, and zero voltage on the capacitor uC (0-) = 0. After the transient phenomenon aftermath the circuit 
current will be zero, the capacitor voltage will be U. 
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Figure 2 Examined series RLC circuit 

The shape of the current time course after turning on the switch depends on the values of parameters  
R, L, C. There are three cases detailed below: 

 

   푅 > 2.  

- the current is at time t ≥ 0.    

푖(푡) =
.√

. 푒 . sinh (√퐷. 푡) where       퐷 = −  

Here, the current is aperiodically attenuated. 

 

푅 > 2. =  푅   - where Rh is the limit resistance 

the current at time t ≥ 0 is: :           푖(푡) = . 푡 . 푒  

The current is attenuated at limit aperiodicity. 
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the current at time t ≥ 0 is:    푖(푡) =
 .

. 푒 . sin(휔. 푡), where angular frequency 휔 =  
.

−
.

 
The current is aperiodically attenuated with angular frequency ω. 

The aperiodicity condition is mainly significant as it constitutes the border between two qualitatively different 
states that differ in their nature of responses. Duration of the transient phenomenon is long in the a and b 
cases. Therefore, parameters are designed to be near the limits of periodicity, where the transient 
phenomenon is shortest. However, this is not desirable in our case. 

4. EXPERIMENTAL WORK  

Description of the Process: A coil is inserted into the tube, and the other part of the tube is prepared for 
connecting. When the circuit is powered as shown in the scheme in Figure 3, there occurs an increase in the 
diameter of the pipe in which the coil is located. The tubes can be joined while the effect lasts. The principle 
of the effect is explained in the above paragraph. In this case, there occurs tube wall vibration in the area of 
return deformation. This effect allows the insertion of one tube into the other, and their connection to create 
the very joint. In Figure 4 through 7, the entire course of the experiment is captured. 

  

Figure 3 Examined series RLC circuit Figure 4 Samples 

 
Figure 5 Scheme of the forming process in an magnetic field 
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Figure 6 Experimental equipment for forming 

  
Figure 7 Samples after joining 

Based on scientific literature research, and following my findings from previous experiments, I approached the 
design and manufacture of a device for electromagnetic tube forming [15]. The material used in the 
experiments included: tube - ø 45 / 0.6 mm, made of STN 42 5715 steel. The chemical composition of the 
material is as follows: Cmax = 0.18 wt. %, Pmax = 0.050 wt. %, Smax = 0.050 wt. %. Tube length: 50 mm. Figure 
3 shows the circuit diagram used in the experiment. As the power source we used a 12V/60Ah car battery 
Banno Energy Bull K20. We used this power source because of great transforming pulses requiring the so-
called hard DC power source - and the car battery reliably accomplished that. We installed a coil on the wires. 
The number of coil threads (N) was determined according to equation (1): 

푁 = ∙
∙ ∙

                     (1) 

In samples of: B- magnetic flux density (T), l - target spool (mm), I- current (A)    
μ0 -permeability of vacuum (Hm-1), μr - relative permeability (μ / μ0). 

The problematic element appeared to be the coil, since it must be greater by at least 30 %. It is similar to 
explosive forming. A larger diameter equals a larger coil (dimensionally), and a thicker wire. Reality: The 
insertion was only by a few tenths of mm. This was the result of the coil being weak. 

4.1. Findings and limitations:  

 The lengths of the parts are important because, using the optimal method, the coil can slide along the 
tube. This, however, results in the necessity to use long conductors (wires), which in turn causes voltage 
drop (resistance in conductors). 
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 An important factor is the wall thickness of the part to be joined. A slope must be created on the part to 
be connected, which facilitates the process.  

 It was shown that decreasing the tube wall thickness and increasing the inner tube diameter are directly 
related, which means that a coil with a sufficient number of threads (length of wire) can be used, which 
reliably guarantees a solid joint of the two parts.   

5. CONCLUSION  

Despite the fact that there was no solid connection (joint) of the parts, the experiment showed the way to 
connect such parts without using additional material (such as in gluing, welding, soldering). The above method 
can be regarded as suitable in terms of environmental impacts on the surrounding area, as it does not produce 
any side effects on humans either. That is, this method does not pollute the environment [15]. 
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Abstract 
The aim of our study was to investigate the cold rotary swaging on the Ti6Al4V alloy with a finite element 
modelling (FEM) and subsequently by experimental verification of the model predictions. The experimental 
examination was evaluated both cast and swaged material states. A FEM analysis was performed to describe 
the rotary swaging from a 7.5 mm round bar diameter with the total reduction of 27 % in cross-section. The 
numerical simulations were focused on the investigation of swaging force, distributions of strain, stress state, 
temperature and plastic flow of material. Subsequent experimental verification such as microhardness, tensile 
properties, and microstructure observations validated the predicted results. The one of experimental analysis 
was dedicated on measurement of swaging force during RS by using KOMAFU S600 dynamical force 
measuring system. After comparison between predicted and experimentally obtained data a good agreement 
was found. Among others there was observed same trend between microhardness profile and imposed strain 
distribution throughout the cross section of swaged billet. 

Keywords: Cold rotary swaging, Ti6Al4V, mechanical properties, numerical modelling 

1. INTRODUCTION 
Rotary swaging (RS) is a forming technology characterized by a high surface quality of the final products, 
materials savings and short productions times. The process is very often used to produce rods, tubes, and 
wires, as well as asymmetrical products, under cold, as well as hot conditions. As regards the processed 
materials, RS can be applied to impart plastic deformation to virtually any deformable material, which can be 
either cast [1], or produced via powder metallurgy technologies [2]. Advantageously, RS can be used to 
process materials with a relatively low formability, such as Mg alloys [3]. 

This forming technology has primarily been designed to reduce cross-sections of solid and hollow work-pieces. 
It has already been investigated from various viewpoints, such as distribution of strain and stress within the 
formed material, influence of axial velocity of the infeed work-piece on strain distribution, influence of friction 
on deformation behaviour, influence of the inlet angle of swaging dies on distribution of residual stresses and 
temperature etc. [4-9]. However, characterization of plastic flow during RS is quite a complex issue, since the 
strain intensity and vector change after each individual stroke [7]. Despite the fact that the material should 
primarily flow in the axial direction, this presupposition cannot be generalized. Similarly complex is 
determination of swaging forces. 

Titanium and its alloys are nowadays widely used for many different applications, such as medical prostheses, 
orthopaedic implants, dental and endodontic instruments and files, dental implants, aerospace and military 
components, automotive components, agri-food, sporting goods, jewellery, components of mobile phones, etc. 
[10-13].  

This paper deals with a numerical modelling and subsequent experimental verification of cold rotary swaging 
of Ti6Al4V. The main focus was on characterization of deformation behaviour - distributions of effective strain 
and temperature, swaging force and mechanical properties of the swaged alloy.  
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2. EXPERIMENT DESCRIPTION 
The first part of the study, the numerical analysis, was realized by applying FORGE NxT commercial software, 
the assembly for which is depicted in Figure 1a. The boundary conditions of the numerical analysis 
corresponded to the experimental conditions (material, geometry of dies and work-piece, initial work-piece 
temperature, swaging speed etc.). The analysed Ti alloy had the composition of (in wt. %) 6 - Al, 3.91 - V, 
0.125 - Fe, 0.115 - 0, 0.011 - C, 0.007 - N, bal. Ti. The initial work-piece diameter of 7.5 mm was reduced 
under room temperature (20 °C) by swaging down to the final diameter of 6.55 mm in a single pass with the 
reduction ratio of 0.27 (see Figure 1b). The friction between the work-piece and dies was defined using the 
Coulomb law with the friction coefficient of μ=0.1. 

  
(a) geometry of the assembly (b) axial cut through the assembly 

Figure 1 Scheme of assembly for rotary swaging 

During the experimental swaging, swaging forces were recorded using the own designed KOMAFU S600 
system for dynamic swaging force measurement [7]. The system comprises integrated measurement of 
temperature of the swaged-piece, which is favourable especially during hot swaging. Besides, mechanical 
properties were also examined via tensile tests performed with the use of a Testometric M500-50CT machine 
and Vickers microhardness measurements. Structures were evaluated via optical and scanning electron 
microscopy, for which the Quanta FEG 450 SEM equipment was used. 

3. RESULT AND DISCUSSION 

3.1. FEM Analyses 
The results of the FEM analysis show a certain inhomogeneity of the imposed strain along the cross-section 
of the swaged-piece. The predicted values were the highest (~ 0.6) at the swaged-piece surface and decreased 
towards its axis (Figure 2a). This trend is given by the characteristics of the swaging process, during which 
the strain is imposed from the periphery towards the axis of the swaged-piece [4]. The final difference between 
the axial and surface regions from the viewpoint of strain values is depicted in Figure 2b, however, the effective 
strain gradient under these local surface layers was not significant.  

On the other hand, the temperature distribution depicted in Figure 2c rather disagrees to the distribution of 
strain. Evidently, a significant increase in temperature occurred along the entire swaged-piece during swaging, 
the highest temperature in the swaged-piece axial region exceeded 140 °C. However, the temperature was 
lower in the peripheral part (Figure 2d). This behaviour was caused by the large contact area of the relatively 
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thin work-piece with the dies, which imparted a rapid heat transfer from the peripheral region of the swaged-
piece. 

  
(a) effective strain (b) effective strain 

  
(c) temperature (d) temperature 

Figure 2 Deformation parameters in the central cutting plane of the swaged-piece 

One of the most important parameters is the 
development of swaging force, the prediction of 
which is depicted in Figure 3. Evidently, a 
gradual force increase occurred in the early 
stages of swaging. The swaging force then 
reached its maximum value of approximately 
200 kN when the dies were fully filled with the 
processed material. After reaching the 
maximum, the force gradually decreases again, 
which was directly connected with the reverse 
in plastic flow direction within the work-piece. 
This phenomenon can also be attributed to the 
influence of solid ends of the swaged-piece [7]. 

3.2. Experimental swaging 

3.2.1. Microstructure 
The microstructures of the Ti6Al4V alloy for both, the initial and swaged states, are depicted in Figure 4. 
The structure before swaging obviously consisted of non-uniform grains. However, the individual grain 

Figure 3 Predicted swaging force development 
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boundaries could not be distinguished any more by OM after swaging. The imposed strain imparted quite a 
significant structure changes and grain refinement. By this reason, SEM was applied to investigate the swaged 
structure in a greater detail, as well as to analyse the chemical composition of the alloy. 

  
(a) before swaging (b) after swaging 

Figure 4 Microstructures of Ti6Al4V 

The chemical composition of the Ti6Al4V alloy was measured by EDS analyses, the locations for which can 
be seen in Figure 5a. While the grains within the alloy consisted mostly of Ti (Figure 5b), the inter-grain mass 
was defined by the chemical composition of 80.87 wt. % titanium, 3.13 wt. % aluminium and 16.00 wt. % 
vanadium. 

  
(a) localization of measured regions for EDS 

analysis 
(b) SEM analysis of grain 

Figure 5 EDS and SEM analysis 

3.2.2.Swaging force 
The comparison of the swaging force recorded experimentally using the KOMAFU S600 system for dynamic 
force measurement and the predicted swaging force is depicted in Figure 6. The predicted and experimental 
results exhibited a satisfactory correlation, the experimental forces well corresponded to the predicted force 
development. The swaging force development thus confirmed validity of the used numerical model. 
The possible local deviations between both the results were caused primarily by the influences of several 
factors, such as the used mathematical model and meshing quality, the defined boundary condition for the 
simulation, possible structural inhomogeneity of the swaged-piece, variable friction during the swaging 
process, axial velocity of the swaged-piece, etc. 
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Figure 6 Comparison of experimental and predicted swaging forces 

3.2.3. Mechanical properties 
In order to characterize the influence of swaging on the formed Ti work-piece, mechanical properties were also 
examined. The first examination was via tensile testing; Figure 7a shows the stress-strain curves for the two 
material states before and after swaging, while the second type of examination was microhardness 
measurement, the results of which are shown in Figure 7b. As shown by Figure 7a, swaging imparted a 
significant increase in strength, however, plasticity decreased. This behaviour is typical for deformation 
strengthened materials [4, 14, 15]. On the other hand, the development of microhardness more or less 
corresponded to the predicted imposed strain (Section 3.1., Figure 2b). 

  
(a) stress-strain curves (b) microhardness development 

Figure 7 Mechanical properties of investigated alloy for the two material states 

4. CONCLUSIONS 
This study was focused on the deformation behaviour of Ti6Al4V during cold rotary swaging. As was shown, 
this type of forming led to a significant increase in strength with relatively unsubstantial phase changes. One of 
the main goals was to determine the development of swaging force during the forming process. The performed 
numerical prediction enabled to determine the value and distribution of the imposed strain, as well as the 
temperature distribution within the swaged-piece. The comparison of the predicted and experimentally 
recorded swaging forces, both reaching to -200 kN, confirmed validity of the applied numerical model. The 
predicted results were in accordance with the experimental ones. 
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Abstract 

Owing to its versatility and the ability to provide the final products with advantageous characteristics, rotary 
swaging is widely used in automotive industry for production of various components. The focus of this study 
was to perform numerical prediction of rotary swaging of a steering tube. The predicted results were 
subsequently evaluated with data gained from experimental swaging. The analyses carried out on the 
experimentally swaged model included measurements of microhardness, as well as scanning electron 
microscopy observations. To evaluate reliability of the simulation, the simulated swaged component was 
compared with a 3D-scanned real product. As shown by the results, the parameters of the dies and processing 
conditions defined in the simulation corresponded very well with the real process and thus the designed 
numerical model can be considered as an accurate one. The swaged product featured a very smooth surface 
and small equiaxed grains, 80 % of which were smaller than 1 µm, with no prevalent grains orientation. 

Keywords: Rotary swaging; automotive; numerical simulation; structure analysis; mechanical properties 

1. INTRODUCTION 

Rotary swaging (RS) is a forming technology widely used to produce rods, tubes and wires of various cross-
sections. The principle of the technology lies in incremental imposing of strain into the formed material via a 
set of swaging dies through which the material is fed, which results in a very favourable stress state [1-3], as 
well as has favourable effects on microstructure and properties [4,5]. RS can be used to process a wide range 
of materials, from light-weight ones like magnesium [6], aluminium [7], and titanium [8], through heavier ones 
like copper [9], to composites [10] and refractory metals [11], and can be performed under cold, warm, and hot 
conditions. Being one of the severe plastic deformation (SPD) technologies, cold RS provides the processed 
materials with substantial increases in strength and hardness via imparting grain refinement [12], likewise other 
SPD methods, such as HPT (high pressure torsion) [13], and ECAP (equal channel angular pressing) and its 
modifications [14-16]. It also enables to produce final shape products and, therefore, makes the production 
process more economical from the viewpoints of expenses and time. Advantageous are also the very low 
roughness and shape differences of the final products. 

Owing to the above mentioned advantages, RS has been widespread in the automotive industry [17]. 
The technology enables to form not only the external shape of the final product, but also possible internal 
shape features and grooves. Nevertheless, especially in the automotive, research and development advances 
inexorably and thus a combination of the manufacturing technology, such as RS, with numerical predictions 
via the finite element method (FEM) can be extremely favourable. The combination of RS and FEM has already 
been successfully applied e.g. by Tao et al. [18] to examine deformation behaviour of swaged bimetal tubes, 
Rong et al. [19] to analyse the infeed velocity of Mg billets on strain distribution within the swaged-product, 
Kocich et al. [20] to investigate deformation behaviour of a WNiCo alloy during cold swaging, and Moumi et al. 
[21] to analyse material flow during swaging. 
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The aim of this study was to numerically predict the deformation behaviour of a steering tube during cold rotary 
swaging. The study involved performance of a numerical simulation of cold swaging of a steering tube and the 
subsequent comparison of the result of numerical swaging and the real swaged product via 3D scanning. The 
investigation also involved metallographic evaluation of the real final product via scanning electron microscopy 
(SEM) and microhardness measurements. 

2. EXPERIMENT 

The steering tube was manufactured from steel, the composition of which is depicted in Table 1. 
This composition was input to the Forge NxT commercial simulation software as the original material of the 
billet. 

Table 1 Chemical composition of the steering tube steel 

element C Mn Si Cr Ni Mo Al S P Fe 

wt. % 0.148 0.76 0.06 0.039 0.013 0.054 0.08 0.013 0.015 balance 

The assembly for the Forge NxT simulation, which is depicted in Figure 1a, consisted of the steel billet, four 
swaging dies, an internal mandrel and a clamp bar, which served to feed the work-piece further into the 
swaging head each time the dies were in the open position. During swaging, all the dies oscillated along the 
radial direction and simultaneously rotated around the swaging head axis after each stroke according to the 
input boundary conditions. The RS assembly was meshed using tetrahedron elements and the work-piece 
mesh consisted of 30 280 elements. The initial temperature of all the assembly components was 20 °C and 
the friction between the work-piece and dies was set using the Coulomb law, μ = 0.1. The material behaviour 
was determined using a constitutive elastic-viscoplastic characterized by the Hensel-Spittel relation (Equation 
(1)), where ε (-) was the equivalent strain, 휺̇ (s-1) was the equivalent strain rate, T (K) was the temperature and 
A, m1, m2, m3, m4, m5, m7, m8, m9 were regression coefficients (-), the values of which were the following: 
A=885.92, m1=-0.009, m2=0.157, m3=0.0099, m4=0.0003, m5, m7, m8, m9 were 0. 

휎 = 퐴 exp( 푚 푇)푇 휀 exp (1 + 휀) exp (푚 휀)휀̇ 휀̇   (1) 

a) b)  

Figure 1 Numerical analysis assembly (a); depiction of locations for the individual analyses (b) 

The numerically predicted shape was subsequently compared with a 3D scan of the real swaged product. After 
the 3D scan had been taken, four samples from four different locations denoted as A, B, C and D, as depicted 
in Figure 1b, were taken from the swaged-piece for subsequent microstructural and microhardness analyses. 
The microhardness was measured using a Vickers diamond indenter with the load of 400 g, measurements 
were performed ten times in each of the locations and the average values for the individual locations were 
subsequently calculated. The structural observations were performed with an Olympus optical microscope and 
Tescan Lyra 3 FIB/SEM with a NordlysNano EBSD detector. 
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3. RESULTS AND DISCUSSION 

3.1.  FEM Analysis 

3.1.1. Effective strain 

The following set of Figures summarizes the results of the numerical prediction. Figure 2a shows the predicted 
distribution of the effective strain within the swaged steering tube. Evidently, the imposed strain was the highest 
in the part, in which the reduction in diameter was the most significant. The strain on the perimeter of the 
swaged-piece in this location exceeded 1.5, while on the internal diameter it was around ~ 0.6. Figure 2b then 
depicts the imposed strain (in)homogeneity by showing the time dependence of the imposed strain in seven 
individual locations characterized by sensors located along the central cutting plane as shown in Figure 2c. 
The inhomogeneity across the diameter is given by the radial character of imposing strain during swaging 
[1,22]. 

3.1.2.  Temperature 

As shown by the results of temperature prediction depicted in Figure 2d, the maximum temperature reached 
to 200 °C and the region, in which the temperature was the highest, corresponded to the region with the highest 
imposed strain. This corresponds to the fact that most of the energy introduced into the material during forming 
(up to 98 %) is transformed to heat and, therefore, the most intensive energy input resulted in the highest 
increase in temperature [23]. 

a) b)  

c)  d)  

Figure 2 Predicted imposed strain within the steering tube (a); imposed strain in individual locations along 
the steering tube central cutting plane (b); locations of sensors (c); temperature distribution (d) 

3.1.3. Material flow 

Figure 3a shows a grid superimposed on the initial billet central cutting plane, while Figure 3b depicts the grid 
after swaging. Evidently, the thickness of the final tube increased in many locations, which was caused by the 
mandrel having a lower diameter than the final internal one of the tube in the concrete locations (the mandrel 
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was insert to maintain accurate dimension of the outlet part of the steering tube and did not perfectly reproduce 
the shape of the steering tube). The predominant axial material flow typical for rotary swaging [21] was thus in 
this case suppressed by the tendency of the material to flow towards the axis of the work-piece. 

 
Figure 3 Predicted material flow 

3.2. Comparison with real product 

To validate the numerical model and evaluate the accuracy of the simulation, the predicted swaged-piece was 
compared with the real steering tube (Figure 4a) scanned using a 3D scanner. The final comparison with a 
scale showing the deviation between the predicted and real part in (mm) is shown in Figure 4b. The model 
was highly accurate since the deviations between the real and simulated part was in tenths of millimetre (the 
high deviation at the very end of the component corresponded to the hollow character of the component).  

a)    b)    

Figure 4 The real steering tube (a); comparison of the real 3D scan and predicted swaged-piece (b) 

3.3. Experimental analyses 

3.3.1. Microhardness 

The average microhardness in the individual locations A, B, C and D is summarized in Table 2. Location D 
exhibited the least imposed strain (close to 0 - Figure 1b), and can thus be considered as the original 
undeformed material, which featured the microhardness of almost 200 HV. Locations B and C both 
experienced the effect of strain, however, location B was affected by strain more and, correspondingly, also 
featured higher microhardness. The direct connection between the predicted imposed strain and changes in 
microhardness was already mentioned in various works [16, 24]. Microhardness in location A was lower than 
in locations B and C. HV for location A was measured in a different direction (perpendicular cut, while the 
others were longitudinal ones), at the very end of the steering tube. For this location, the axial plastic flow was 
the easiest and the impact of the dies during swaging was lower than the impact on the material along the 
perimeter of the steering tube, on which the effect of the dies was direct. 

Table 2 Average microhardness in the individual locations depicted in Figure 1b 

Sample A B C D 

Avg. HV 217.76 232.98 225.42 199.56 
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3.4. Grain size 

The average grain size, calculated as the mean ferret diameter of an individual grain in µm, in the individual 
locations A, B, C and D are summarized in Table 3. The grains got evidently refined the more the higher was 
the imposed strain. Correspondingly, grain refinement imparted increase in microhardness, as proven in 
Section 3.1. The finest grains, 80 % of which were smaller than 1 µm, were detected in location A, however, 
this was caused by the direction of measurement (perpendicular cut). Figure 5 then shows an example of the 
microstructure of the swaged material from location B via an orientation image map. The grains did not exhibit 
any prevalent preferential orientation and were evidently refined, which was the result of the mutual influence 
of the imposed strain, friction between the swaged-piece and dies and consequent temperature elevation [25]. 

Table 3 Average grain size in the individual locations depicted in Figure 1b 

Sample A B C D 

Avg. grain size 1.12 2.67 3.36 4.75 

 

Figure 5 OIM of location B 

4. CONCLUSIONS 

This study dealt with numerical prediction of cold rotary swaging of a steering tube. From the simulation, the 
distribution of imposed strain, temperature and plastic flow were evaluated. The locations with the highest 
imposed strain of almost 1.5 corresponded to the locations of the highest temperature of almost 200 °C. 
The results from experimental analyses confirmed the predicted results; the most heavily deformed region 
exhibited the highest microhardness of more than 230 HV, as well as the lowest average grain size. 
The numerical model was finally evaluated via a comparison with a 3D-scanned real steering tube. 
The comparison showed the deviation of the predicted and real components to be within tenths of millimetre. 

AKNOWLEDGEMENT 

This paper was created within the research project no. SP2017/58, "Specific research in 
metallurgical, material, and process engineering ". 

REFERENCES 
[1] KOCICH, R., et al. Deformation behavior of multilayered Al-Cu clad composite during cold-swaging. Materials 

and Design, 2016, vol. 90, pp. 379-388. 

[2] PIWEK, V., et al. Light weight design of rotary swaged components and optimization of the swaging process. 
International Journal of Material Forming, 2010, vol. 3, pp. 845-848. 

[3] HERRMANN, M., SCHENCK, C., KUHFUSS, B. Dry rotary swaging with structured tools. Procedia CIRP 2016, 
vol. 40, pp. 653-658. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

343 

[4] GRÖB, T., et al. Magnetic hardening of Fe50Co50 by rotary swaging. Journal of Magnetism and Magnetic 
Materials, 2017, vol. 428, pp. 255-259. doi:10.1016/j.jmmm.2016.12.065. 

[5] ABDULSTAAR, M. Corrosion behaviour of Al 1050 severely deformed by rotary swaging. Materials and Design, 
2014, vol. 57, pp. 325-329. 

[6] GAN, W.M., et al. Microstructures and mechanical properties of pure Mg processed by rotary swaging. Materials 
and Design, 2014, vol. 63, pp. 83-88. 

[7] ŞCHIOPU, V., LUCA, D. A new net-shape plating technology for axisymmetric metallic parts using rotary 
swaging. International Journal of Advanced Manufacturing Technology, 2016, vol. 85, pp. 2471-2482. 

[8] PACHLA, W., et al. Effect of severe plastic deformation realized by hydrostatic extrusion and rotary swaging on 
the properties of CP Ti grade 2. Journal of Materials Processing Technology, 2015, vol. 221, pp. 255-268. 

[9] OTTO, F., FRENZEL, J., EGGELER, G. On the influence of small quantities of Bi and Sb on the evolution of 
microstructure during swaging and heat treatments in copper. Journal of Alloys and Compounds, 2011, vol. 509, 
pp. 4073-4080. 

[10] KOCICH, R., et al. Fabrication and characterization of cold-swaged multilayered Al-Cu clad composites. 
Materials and Design, 2015, vol. 71, pp. 36-47. 

[11] DURLU, N., KAAN CALISKAN, N., SAKIR, B. Effect of swaging on microstructure and tensile properties of W-Ni-
Fe alloys. International Journal of Refractory Metals and Hard Materials, 2014, vol. 42, pp. 126-31. 

[12] GAN, W.M., et al. Bulk and local textures of pure magnesium processed by rotary swaging. Journal of 
Magnesium and Alloys, 2013, vol. 1, pp. 341-345. 

[13] KOCICH, R., et al. Texture, deformation twinning and hardening in a newly developed Mg-Dy-Al-Zn-Zr alloy 
processed with high pressure torsion. Materials and Design, 2016, vol. 90, pp. 1092-1099. 

[14] LUKÁČ, P., et al. Microstructure of AZ31 and AZ61 Mg alloys prepared by rolling and ECAP. Kovové materiály-
metallic materials, 2007, vol. 45, pp. 115-20. 

[15] YOON, S.C., et al. Analysis of plastic deformation behavior during back pressure equal channel angular pressing 
by the finite element method. Computational Materials Science, 2013, vol. 77, pp. 202-207. 

[16] KOCICH, R., et al. Twist-channel angular pressing: effect of the strain path on grain refinement and mechanical 
properties of copper. Journal of Materials Science, 2011, vol. 46, pp. 7865-7876. 

[17] HASSELBRUCH, H. Incremental dry forging -Interaction of W-DLC coatings and surface structures for rotary 
swaging tools. Procedia Manufacturing, 2017, vol. 8, pp. 541-548. 

[18] TAO, S., et al. Plastic forming behavior of axisymmetric bimetal products with rotary swaging. Engineering 
Sciences, 2013, vol. 11, pp. 44-47. 

[19] RONG, L., NIE, Z.R., ZUO, T.Y. FEA modeling of effect of axial feeding velocity on strain field of rotary swaging 
process of pure magnesium. Transactions of Nonferrous Metals Society of China (English Ed.), 2006, vol. 16, pp. 
1015-1020. 

[20] KOCICH, R., et al. Cold rotary swaging of a tungsten heavy alloy: Numerical and experimental investigations. 
International Journal of Refractory Metals and Hard Materials, 2016, vol. 61, pp. 264-272. 

[21] MOUMI, E., et al. 2D-simulation of material flow during infeed rotary swaging using finite element method. 
Procedia Engineering, 2014, vol. 81, pp. 2342-2347. 

[22] ZHANG, Q., et al. Energy-controlled rotary swaging process for tube workpiece. The International Journal of 
Advanced Manufacturing Technology, 2015, vol. 80, pp. 2015-2026. 

[23] HUMPHREYS, F.J., HETHERLY, M. Recrystallization and Related Annealing Phenomena. 2nd ed. Oxford: 
Elsevier Ltd, 2004, p. 658. 

[24] DEL VALLE, J.A., CARRENO, F., RUANO, O.A. Influence of texture and grain size on work hardening and 
ductility in magnesium-based alloys processed by ECAP and rolling. Materials Science and Engineering A,  
2013, vol. 48, pp. 190-195. doi:10.1016/j.msea.2006.05.009. 

[25] VERLINDEN, B., et al. Thermo-mechanical processing of metallic materials. Amsterdam: Elsevier, 2007, p. 560. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

344 

RESEARCH ON THE DEFORMABILITY OF M95 BRASS OBTAINED BY CONTINUOUS 
CASTING PROCESS 

KWAŚNIEWSKI Paweł1, KIESIEWICZ Grzegorz1, KORDASZEWSKI Szymon1, NOWAK Andrzej1, 
KOWAL Radosław1, JURKIEWICZ Bartosz1, MAMALA Andrzej1, ZASADZIŃSKA Małgorzata1, 

GRZEBINOGA Justyna1 

1AGH University of Science and Technology, Faculty of Non-ferrous Metals, Cracow, Poland, EU,  
szyk@agh.edu.pl 

Abstract  

The article presents the influence of the metallurgical process condition on the parameters of drawing M95 
brass rods obtained in the continuous casting process. This work has investigated the effect of input material 
composition (scrap selection), diversified casting speed (various feeding and stopping time) to allow for 
crystallization and cooling intensity on cast quality, including solid particles removal. Studies were conducted 
on cast made of M95 brass and included the research on: mechanical and electrical properties, elastic 
constants and also comparison of density of particular casts. Casts obtained in continuous casting process 
were subject to deformability tests in the drawing process. The drawing process was carried out on samples 
with the diameter range of 9.5 to 4.45 mm. The research produced the flow curves for the tested materials.  
Comparison of this curves allows to determine the influence of metallurgical synthesis parameters of M95 
brass on flexibility and force parameters in drawing process.  

Keywords: Continuous casting process, M95 brass, drawing, deformability, metal forming 

1. INTRODUCTION 

Brass is one of the most widespread and most widely used alloys in the world. This material is widely used in 
many industries, mainly due to good strength, electrical properties as well as high corrosion resistance. 
Moreover, it is a material that is prone to metal forming and is also technologically attractive. Brass in grade 
M95, which is the subject of the study, often undergoes technological processes related to the manufacture of 
workpieces processed by means of metal forming, coated with ornamental and protective coatings. Therefore, 
it is very important that the obtained material be free of structural defects, surface defects and impurities. This 
may cause technological issues during the manufacture of target products or prevent the achievement of 
proper mechanical and electrical properties [1 - 4]. 

Brass has a relatively low melting point and good castability, which makes it a material that is often used in the 
casting process. Different proportions of alloy elements in the form of copper and zinc allow a wide 
manipulation of the properties of the obtained casts. One of the most popular ways of obtaining this material 
is continuous casting. The most important stage of the continuous casting process is crystallization. 
Crystallization conditions affect the structure, properties as well as speed and ability to realize the process. 
During continuous or semi-continuous casting, the liquid metal flows into the crystallization zone and then 
crystallizes as a result of the heat transfer through the cooling unit. The ability to remove heat is one of the 
most critical parameters limiting maximum productivity. A diagram of the crystallization zone for continuous 
casting is shown in Figure 1. Very important parameters in continuous casting are also the coolant flow speed 
through the cooling unit and speed of casting [5, 6]. 

Due to the high prices of certified foundry batches (the so-called ingots), qualified waste (in-house scrap) as 
well as low quality scrap copper alloys, research is being carried out on the possibility of obtaining full value 
waste products [7]. 
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Figure 1 Schematic presentation of the interface between the casting and the mold [6] 

2. MATERIALS AND METHOD 

The test material in the form of M95 brass was obtained in a laboratory continuous casting line  
at the Department of Non-ferrous Metals, AGH University of Science and Technology, using a wide range  
of measurement parameters. The research line consists of an induction furnace with a graphite pot with a 
batch capacity of about 4000 cm3, a 9.5 mm graphite crystallizer, a primary and secondary cooling unit, and a 
draw system. The station is fitted with control and measurement equipment to monitor a number of casting 
parameters. Station for continuous casting tests and the interface of the measuring unit are shown  
in Figure 2.  

  

Figure 2 Station for continuous casting tests (a) with measuring unit (b) 

This set-up allows controlling both kinetic and thermal casting parameters. The M95 alloy is made from waste 
materials in the form of scrap copper, zinc and M62, M63 brass. The types of scrap and their forms are 
presented in Figure 3. 

   

Figure 3 Batch material in scrap used for casting: (a) copper scraps; (b) brass scraps; (c) zinc scraps 

(a) (b) 

(a) (b) (c) 
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The study included the manufacture of 10 brass casts in M95 grade using a varied set of process parameters. 
The continuous casting process was carried out taking into account different casting speeds in the feed stroke 
range from 2 to 10 mm, time from 1 to 5 seconds, and various cooling rates controlled by the flow of cooling 
medium through the primary cooler in the range of 0.7 to 6.6 l/min. The continuous casting process was carried 
out at 1020 °C. Detailed parameters of the casting process of the batch material analyzed in this paper are 
presented in Table 1. The images of casts are shown in Figure 4. 

Table 1 Parameters of the casting process 

Casting No. 

Continuous casting speed Cooling intensity 

Stroke 
(mm) 

Downtime 
(s) 

Speed of water flow 
(l/min) 

1 2 5 0.7 

2 5 5 0.7 

3 10 5 0.7 

4 10 3 0.7 

5 10 1 1.7 

6 5 1 3.3 

7 5 1 6.6 

8 10 3 1.7 

9 10 5 0.7 

10 8 2 0.7 

    

    
 

  

 

Figure 4 Allows obtained in the course of conducted research 

The obtained material was subjected to density, Vickers hardness and electrical conductivity analysis. 
Moreover, elastic constants were tested for selected materials. Density studies were conducted using the 
Archimedes method. For this purpose, a weighing scale was used to measure mass in various media  
(i.e. air and demineralized water) together with a temperature sensor. Hardness measurements were 
performed using the Tuckon 2000 automatic hardness meter with the HV5 hardness scale. Electric properties 
studies were based on the measurement of conductivity specific to the method of measuring eddy currents. 
The study was conducted using the SIGMATEST 2.069 unit. Elastic constant tests for selected materials were 
based on defectoscopic measurements. The study involved the EPOCH XT ultrasonic flaw defectoscope and 
the V1091 longitudinal wave head. The test equipment is shown in Figure 5. 

Then, the obtained casts were subjected to a cold drawing process from an initial diameter of 9.5mm to 
4.55mm. The study was carried out using a chain drawing bench (Figure 6). The materials thus produced 
were subjected to a uniaxial tensile test to determine their tensile strength and yield strength. These tests were 
carried out on a Zwick/Roll Z020 tensile testing machine with a maximum allowable force of 20 kN (Figure 7). 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

347 

Samples with a measuring base of 50mm were used for the tests. The data thus obtained was used to prepare 
work hardening curves of obtained materials. 

    
Figure 5 Measurement equipment: (a) weighing scales; (b) hardness meter;  

(c) SIGMATEST; (d) ultrasonic defectoscope 

  
Figure 6 Drawing bench Figure 7 Tensile testing machine 

3. RESULTS AND DISCUSSION 

The results of materials obtained by continuous casting under various process conditions are presented  
in Table 2.  

Table 2 Results of properties tests of obtained casts 

Cast number 
Density Hardness Electrical 

conductivity 
Yield strenght 

Rp0.2 
UTS 

(g/cm3) HV5 (MS/m) (MPa) (MPa) 

1 8.8105 79.8 27.74 92.50 175.48 

2 8.8250 72.8 27.67 123.00 185.25 

3 8.8269 79.8 27.66 133.04 208.07 

4 8.8263 80.5 27.64 120.77 184.70 

5 8.8288 85.4 27.74 129.74 215.60 

6 8.8303 80.9 27.77 129.17 213.71 

7 8.8304 79.6 27.71 122.31 202.33 

8 8.8279 86.7 27.70 126.53 190.47 

9 8.8255 80.4 27.72 120.75 197.87 

10 8.8269 83.5 27.78 121.60 191.92 

(a) (b) (c) (d) 
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It can be noted that the density of all tested materials is 8.83 g/cm3. The observed differences  
in casting densities obtained under various crystallization conditions are at the level of statistical error. The 
next column shows the results of Vickers hardness measurements. The obtained brass casts in M95 grade 
are characterized by a hardness of 72.8 - 86.7 HV5. The lowest hardness HV5 is found in cast 2, while the 
highest was in cast 8. The difference in observed hardness scores is 13.9 HV5. The conducted electrical 
conductivity tests do not show any significant differences in the values obtained. The results of electrical 
conductivity oscillate between 27.64 - 27.78 MS/m. The highest electrical conductivity is found in cast 10, while 
the lowest is in cast 4. On the basis of the mechanical properties tests performed, larger differences in the 
results can be observed. For casts from 2 to 10, the yield strenght oscillates between 120 and 133 MPa. For 
cast 1, this is only 92.5 MPa, which is the lowest of all results. A similar observation is found in the analysis of 
ultimate tensile strength results. The lowest value was found for cast 1, equal to 175 MPa. The rest of the 
results range from 185 to 215MPa. Based on the investigations on the casts obtained, there is no apparent 
effect of continuous casting parameters on the obtained results such as: density, hardness, electrical 
conductivity, yield strength and ultimate tensile strength.  

Based on the ultrasonic wave transition time, the sample was measured by Young's modulus for three selected 
casts. The Figure 8 shows the received signals for the test samples. Studies have shown that Young's 
modulus for castings 2, 6 and 7 is 109 GPa, 129 GPa and 116 GPa, respectively.  

  

 
Figure 8 Defectoscope screen: (a) echo of cast 2; (b) echo of cast 6; (c) echo of cast 7 

As part of the research, wires with diameters of 6.65 mm, 6.00 mm, 5.80 mm, 5.70 mm, 5.48 mm, 5.30 mm, 
5.30 mm, 5.00 mm, 4.80 mm and 4.45 mm were produced in the cold drawing process. These were then 
subjected to uniaxial tensile test to determine the yield strength of the material. Based on the results obtained 
(Table 3), the yield strengh curves were drawn as a function of the true strain, as shown  
in Figure 9. By analyzing the results, it was found that the lowest yield strength was measured in materials 
made from casts 1 and 2. Whereas the highest yield strength is observed for wires made of casts 4 and 7.  

(a) (b) 

(c) 
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Figure 9 Characteristics of yield strength of casts 1-10 and the wires made as a function  

of the elongation coefficient 

Table 3 Yield strength of casts 1-10 after different stages of drawing  

Cast number 
Yield strength R0,2 (MPa) 

Φ 9.50 mm Φ 6.65 mm Φ 6.00 mm Φ 5.30 mm Φ 4.45 mm 

1 92 275 310 343 385 

2 123 288 328 353 389 

3 133 327 351 385 425 

4 121 370 376 409 461 

5 130 370 400 421 448 

6 129 372 405 441 462 

7 122 368 380 430 435 

8 127 360 389 400 440 

9 121 338 396 411 430 

10 122 340 370 394 440 

4. CONCLUSION 

The paper presents a comprehensive study of M95 brass obtained from scrap on a laboratory continuous 
casting line using variable alloy crystallization parameters. Based on the results obtained in the tests conducted 
on casts 1-10, ie. density, conductivity, hardness and mechanical properties, there is no significant influence 
of the continuous casting parameters on the properties of the casts obtained. Larger differences, however, are 
observed for mechanical properties obtained in wires made from these casts. The obtained work-hardening 
curves show that casts 4 and 7 have the highest degree of consolidation, while casts 1 and 2 exhibit the 
smallest degree. The stress amplitude for different deformation stages of samples 1 to 10 is about 70 MPa. It 
is also observed that these differences are reproducible after successive stages of drawing. The surface quality 
of the wires received in individual draws was satisfactory.  
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Abstract 

Trend in the area of boiler tubes in the energy sector specifically characteristics of the tube properties, not only 
from the perspective of material properties, but focuses mainly on the internal tube surface. For the inner 
surface is primary substance to lead heat transfer medium in the most efficient manner. In addition to reducing 
the effect of friction parameters are now the majority of customers and producers of tubes for Energy focuses 
on the shape of the inner surface, which ensures a better flow in addition to the media and more efficient 
transfer of heat energy. [1] 

In this article we focus on optimizing the production of tube with multi-rifled inner surface from the perspective 
the stability of the geometric dimensions of tube produced and the impact of tool wear on the production cycle. 
For these analyses were used optical 3D scanning devices to ensure precise measurement of dimensions 
experimental drawn tubes with internal multi rifled surface. The experiment was performed at the production 
of Železiarne Podbrezová a.s. 

Keywords: Energy sector, multi rifled inner surface, optical3D scan 

1. INTRODUCTION  

The production of cold-drawn precision seamless multi rifled tubes presents a high level of technology on an 
international scale. It is known that multi rifled tubes are implemented in production in well-known companies 
all around the world. Železiarne Podbrezová a.s.(later only as ŽP a.s.) is trying to create suitable conditions 
for production of multi rifled tubes and therefore increase its competitive ability. [1] In recent years, the positive 
effect of boiler-grade multi-rifled tubes in coal-firing power plants working at subcritical pressures has been 
highly praised among the power engineering community .[2] Generally, during the operation of a high-pressure 
boiler, tiny bubbles of water vapor tend to form on the inner tube surface in a membrane wall, thus inhibiting 
the heat transfer. [3] 

In 2015, ŽP Research and Development Centre s.r.o. (later only as ŽPVVC s.r.o.) and ŽP a.s. prepared 
together a large scale factory experiment for the chosen type of multi rifled tubes, focusing on stability of 
dimensions of multi-rifled tubes by defined conditions of cold drawing. Stability of dimensions of multi rifled 
tubes was observed in several parts of the length of the tube - up to its final length 1909 metres. The experiment 
was conducted thanks to experience of ŽP employees and the use of precision optical 3D measurements of 
geometry at The Faculty of Materials Science and Technology in Trnava. From the theoretical point of view, 
the stability of geometry of multi rifled tubes was predicted by means of the theory of tool wear which is based 
on the statistical theory of reliability of mechanical systems. This experiment can be considered to be 
successful, given the presented results. However, stringent dimensional tolerances on inner rifling to ensure 
highest heat transfer possible make production of such tubes very challenging. [4, 5] 
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2. TECHNOLOGY OF PRODUCTION AND EXPERIMENTAL MATERIAL 

In this part of the article, technology and experimental material used in the experiment are looked at in closer 
detail. In the experiment, the tubes 13CrMo4-5 steel grade with chemical composition in Table 1 and 
mechanical properties - see Table 2. were used. Heat treatment at 680°C and chemical preparation were used 
before drawing according to standard procedure of chemical preparation at ŽP a.s. 

Tensile strength testing is standardized by EN 10002-1:1995 and EN 10002-2:1995, which shows the shapes 
and dimensions of specimens, test conditions and yield determination. Uniaxial tensile strength testing consists 
in applying a tensile force on a specimen until fracture, in order to determine the mechanical properties 
characteristics. [6] 

Table 1 Mechanical properties of 13CrMo4-5 steel grade according to EN 10216-2 

Steel grade Mechanical properties  

 Rp0,2 Rm A5 

13CrMo4-5 min 290 440 - 590 min 22 

Table 2 Chemical composition of 13CrMo4-5 steel grade according to EN 10216-2+A2 

Steel grade Chemical composition 
 C Si Mn P  S  Cr Ni  Mo Cu 
 min max max min max max max min max max min max max 

13CrMo4-5 0.10 0.17 0.35 0.40 0.70 0.03 0.020 0.70 1.15 0.300 0.40 0.60 0.300 

3. REQUIREMENTS AND A DIMENSIONAL SPECIFICATIONS 

Dimensional specifications of multi rifled tubes are stated in Table 3. Figure1 shows main dimensions that 
were measured.   

Table 3 Dimensional specification of multi rifled tubes [1] 

Mark Items Units Value Dimensional requirements of the tube 

A Outside diameter mm 28.6 ± 0.15  

B Major inside diameter mm 16.06 ± 0.15  

D Minimum wall thickness mm 5.7 -0 / +20 % 

E Number of ribs   4 NA 

F Rib width (circumferential) mm 4.8 ± 0.6  

S Rib width (longitudinal) mm 8.3 ± 1.04  

H Rib height mm 0.7 +/-0.15 

K Rib side angle ° 54  -10 º / +15º  

L Rib radius (max) mm - min 0,13 , max 0,60   

L‘ Rib radius (min) mm - min 0,13 , max 0,60   

M Rib pitch mm 21.85 ± 3.18  

N Lead mm 87.39 ± 12.7  

P Lead angle ° 30 Target 

C Minimal Inside Diameter mm - - 
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Figure 1 Measured dimensions [1] 

4. OPTICAL 3D MEASUREMENT OF DIMENSIONAL REQUIREMENTS OF TUBES AND 
DISCUSSION 

Optical 3D measurement was performed on GOM ATOS II TRIPLESCAN 5M, located at the Centre of 
Excellence 5-axis machining at the Faculty of Material Science in Trnava. The dimensional requirements were 
compared with dimensional specifications (see Table 3) provided by the customer. 30 examples of tubes for 
this experiment were cut. The Examples were cut from first tube, every 15th tube and last tube. The Six 
Examples from front of the Tube and six examples from end of the tube were selected for the dimension 
analysis. The ATOS optical 3 scanner is based on the principle of triangulation using stereo camera setup. 
This stereo camera setup and a projection unit are integrated in the ATOS sensor head. The sensor projects 
different fringe patterns onto the canned object´s surface. These patterns are recorded by the two CCD 
cameras (left and rights), forming a phase shift based upon sinusoidal intensity distributions on the CCD chips. 
The ATOS uses multiple phase shifts in a heterodyne principle to achieve highest sub-pixel accuracy. Based 
on the optical transformation equations, independent 3D coordinates are automatically calculated for each 
camera pixel. In the case of ATOS II TripleScan, a point cloud of up to 5 million surfaces points results for each 
measurement. The geometrical configuration of the ATOS sensor and lens distortion are calibrated using 
photogrammetric methods. [7] 

 

Figure 2 Optical 3D scan of multi rifled tube 

 

Figure 3 Optical 3D scan of multi rifled plug 

In Table 3 “Dimensional specification of multi rifled tubes” we can see values of parameters where we Met the 
specifications of parameter from the side of the final use product and from the side of the creation of multi rifled 
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inner surface. The parameters are H - Rib height, P - Lead angle, F - Rib width (circumferential) (Figure 5),  
S - Rib width (longitudinal), K - Rib side angle. The Figure 4 show a graphic view of the average value of the 
H dimension. We can see a tendency of decreasing the height of the rib by increasing the number of drawn 
meters of tubes. Dimension S - The width of the rib in the longitudinal direction is related to tool wear, which is 
caused by tribological effects (Figure 6). Dimension K - Rib side angle. Dimension K drops from 67 ° to 48.6 ° 
(Figure 7). This may be due to tool wear or plastic strain distortion. The dimension P - Lead angle is difficult 
to observe because during the drawing process, plastic deformation may occur, altering the value of “P” 
(Figure 8). [1] 

 

Figure 4 Rib height - Dimension “H” [1] Figure 5 Rib width (circumferential)-
Dimension“F”[1] 

Figure 6 Rib width (longitudinal) - Dimension “S” [1] Figure 7 Rib side angle - Dimension “K” [1] 

 

Figure 8 Lead angle - Dimension “P” [1] 
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5. MICROSTUCTURES AND MECHANICAL PROPERTIES OF STATES BEFORE MULTI RIFLED 
DRAWING 

5.1. Microstructure of the tube with dimension Ø 36 x 8 mm (after heat treatment and before 
drawing) 

The tube wich was drawing with dimension from Ø 48 x 9 mm on dimension Ø 36 x 8 mm was analysed in 
axial direction and directional direction. The microstructure was homogeneous and ferritic - pearlite with 
globular pearlite. Size of ferrite grain was 4.8 - 5 μm. Proportion of the perlite phase was approximately 30% 
(Figure 9 a, b) .[1] 

        
Figure 9 Inner surface of the tube in axial direction (left) and longitudinal direction (right). [1]   

Table 2 shows the mechanical properties of 13CrMo4-5 steel grade according to EN10216-2+A2. Mechanical 
values were evaluated on a tube sample of Ø 36x8 mm (on pipes before the final pull - ribbing). In Figure 10 
we can see mechanical values of the tubes before drawing of multi rifled tubes. From all of states we choose 
3 samples: RA, RB, RC - after heat treatment and before drawing, RR1, RR2, RR3 - after ribbing, RRF1, 
RRF2, RRF3 - after ribbing and after heat treatment. [1] 

 

Figure 10 Mechanical values of the tubes with dimension Ø 36 x 8 mm 

6. CONCLUSION 

This experiment was realised to verify the possibility of drawing multi rifled tube in terms of the dimensional 
(geometric) stability of the specified dimension. We can state that the specified parameters that are essential 
from the point of view of the internal geometric stability of the given dimensions and from the point of view of 
the use of the product under optimum drawing conditions (positioning of the thorn and die, arrangement of the 

Rp0,2 min 

Rm min 

Rm max
A5 min

0

5

10

15

20

25

30

35

40

0
100
200
300
400
500
600
700
800
900

RA RB RC RR1 RR2 RR3 RRF1 RRF2 RRF3 RRF4 M
ec

ha
ni

ca
l p

ro
pe

rt
ie

s
A 5

[%
]

M
ec

ha
ni

ca
l p

ro
pe

rt
ie

s
R m

, 
R p

0.
2

[M
Pa

]

Titles of Samples 

Rp 0,2 [MPa] Rp 0,2 min [MPa] Rm  [MPa]
Rm  min [MPa] Rm max [MPa] A5 [%]



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

356 

tribological pair - lubrication, drawing speed) are the geometry of the tube with the inter- Stable and meets the 
conditions defined in the full dimensional specification. It is very important that the following parameters are 
respected before the tube-shaped pulling technology and that the smallest surface cracks on the inner surface 
of the tube and the minimum eccentricity condition.  

The microstructure of 13CrMo4-5 (Figure 9) shows homogenous ferit - pearlite with globular pearlite. This is 
the optimal microstructure in inner surface for drawing material. The surface was optimal for created multi rifled 
tube also with the mechanical properties before drawing after heat treatment (Figure 10). 
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Abstract  

The article presents results of conducted analyzes and laboratory experiments. During the forge tests a large 
amount of scale was observed during the forging process. Scale comes from the forging material C45 . 
Laboratory tests have been conducted - can scaling can affect abrasive wear. During the study, magnetic field 
was observed. Laboratory tests or magnetic fields have also affected the change in wear patterns. Tool tests 
have also seen a decrease in hardness as a result of long work. With the help of thermographic studies, 
laboratory conditions were determined. The 1.2344 tool steel was heated at different temperatures for a long 
time to see how the hardness changes in the top layer. The article presents the results of microhardness 
changes in the surface layer for these tests. 

Keywords: Hot forging die, wear mechanism, forging, laboratory test 

1. INTRODUCTION 

The wear resistance of forging tools has been described in Polish and foreign literature for many years. New 
grades of hot steels are being developed, new coatings are applied which increase their wear resistance. In 
literature we can keep track of the progress of knowledge in this area, eg [1 - 7]. However, little is known about 
the impact of accompanying factors on the durability of forging tools. The author has in mind the presence and 
formation of iron oxides Fe2O3 and Fe3O4, the influence of temperature on the surface properties and magnetic 
induction of the forging tools in the machining and electro erosion treatment and other processes. The author 
has presented several may have influenced the course of the use of forging tools. Commonly used in the 
literature [6, 8 - 10] are the typical wear mechanisms associated with hot forging. These include: thermal fatigue 
[3, 4], plastic deformation [7, 8], cracking [5, 7] and abrasive wear [4, 6 - 8]. 

2. INDUSTRIAL TESTS 

The durability of forging tools depends on many external factors. Thermal fatigue, abrasive wear, plastic 
deformations are the main mechanisms for the degradation of hot forging tools. However, there are several 
other factors that can significantly affect the durability of hot forging tools. In the discussed forging process, 
the influence of temperature on the top layer of tool steel 1.2344 and the influence of the presence of the 
magnetic field on the change of wear mechanisms was taken into account. Analyzed forging process takes 
place all the time. The factory in which the analysis was carried out Forge Jawor. 

2.1. Effect of temperature on top layer properties 

Figure 1 shows the results of thermovision IRD measurements during the forging process of a front wheel with 
a diameter of about 210 mm and a weight of about 3.0 kg. The forging is made of C45 steel and tool steel for 
hot work 1.2344. The forging temperature is ~ 1150 °C. The temperature of the tool cooled by graphite 
suspension is 250 - 270 °C. The temperature of the tools that are not cooled (upsetting) is about 500 °C. Tools 
for the second and third operations are periodically cooled. A graphite suspension with water (4 % graphite) is 
used. Fe2O3 and Fe3O4 are the main constituents of the scale. FeO iron oxide is not stable and its contribution 
is negligible. In addition, EDX studies have identified various organic contaminants (oils, greases and other 
surface contaminants). During the forging process (especially upsetting), a very large quantity of mill scale is 
removed from the forgings material, which is not removed from the lower forging tools (Figure.2).  
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Figure 1 Tool temperatures during the forging process 

   

Figure 2 Visible scattering in each direction of scale of the forgings material 

Part of the iron oxide comes from the forging material and the smaller part is formed on the tool material. The 
process of decarburizing and oxidation of tool steels for hot work is, as mentioned above, an equally important 
issue and the reason for increased wear of tooling tools. The general appearance of the scale from the forging 
material is shown in Figure 3. We can observe that it consists of different particle sizes. The part has a large 
part and a small angle of attack of the cutting planes. The hard particles of Fe2O3 and Fe3O4 are within the 
range of < 1.0 μm to > 100 μm. 

   

Figure 3 Appearance of scale taken from the forging material C45. SEM microscope 

Scale hardness tests were performed on a microhardness tester at 10 g loading. The indentation time was 10 
seconds. The results of the tests were obtained from 951 HV0.01 to 1347 HV0.01. Microhardness 
measurements were made on a LECO LM100AT micro hardness gauge at 100 g. In addition, research was 
conducted on the presence of residual magnetic field. Tool magnetization during machining and electro-
erosion machining can be a big problem. The presence of the magnetic field causes a change in the 
mechanisms of wear of steam friction materials [11 - 13]. Both scale (Fe2O3 and Fe3O4) ferromagnetics and 
graphite diamagnetism are not immune to magnetic fields. The value of magnetic induction measured on the 
matrices was about 2.0 - 3.0 mT. As shown by literature research conducted by Mohamed M. K. [11], Yetim 
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A.F. [12], ZHOU Qiang [11], the influence of magnetic field does not remain indifferent to the effects of 
tribological wear. Depending on the lubricants used and the intensity of the magnetic field, the wear of the 
friction pairs is altered. In some cases, wear is increasing and others are decreasing. Studies on the influence 
of the presence of magnetic field and its impact on the scale particles and (coolant) graphite slurry are still 
ongoing. 

2.2. Hardness of the top layer 

The hardness of the material is determined by the heat treatment. Generally used hardening and double 
tempering range of 525 - 550 °C. Tools can also be nitrided. After hardening and double tempering the 
hardness of the material (top layer also) is about 500 HV. Depending on the tempering temperature we can 
adjust the hardness in the range of 460 - 570 HV. When using nitrided layers, the surface hardness rises to 
about 1200 HV. The nitrided layer size can be about 150 - 200 μm. 

As the number of forgings is increasing, the hardness of the surface layer decreases due to the influence of 
the variable temperature fields. These changes are caused by cyclical heating while forging and cooling with 
a graphite slurry. Already after several thousand forgings, the hardness of the nitrided layer falls to about 550 
HV. Figures 4 and 5 show the microhardness graphs as a function of the distance from the surface (after the 
forging of 9000 forging tools). In Figure 4, micro hardness changes of the nitriding matrix. Figure 5 shows 
microhardness changes for the nitrided matrix. 

 
Figure 4 Hardness changes for nitrided matrix (9000 pieces of forgings) 

 
Figure 5 Hardness changes for nitrided matrix (9000 pieces of forgings) 

Microhardness tests were performed at several measuring points. Hardness changes depend on contact time, 
flow path pressure, and more. The graphs show the results where the hardness changes in the top layer were 
the highest. They concern flat surfaces where contact with the forging material is the longest and the flowing 
path of the material is greatest. The average shelf life of these forged tools is 10 - 15 thousand forgings. Based 
on the analyzes, the dependence of the change of the hardness of the surface layer as a function of the number 
of forging and the distance from the surface was developed. The dependence was made on the swelling 
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matrices that did not have a nitrided layer. The results are shown below in Figure 6.Similar dependencies 
have already been determined by J.H. Kang [1, 2] Depends on his development tools, where the consumption 
was the largest. He modified the Archard adhesive wear model, recognizing that hardness is a function of time 
(number of forgings).  

 

Figure 6 Changing microhardness of the 1.2344 steel upsetting tools as a function of the number of forgings 
and the distance from the surface  

3. LABORATORY TESTS 

As part of the research, laboratory tests have been performed to investigate the effect of elevated temperature 
on the surface properties and the influence of the presence of scale and magnetic field on surface changes 
during the wear process of the forging tools. 

3.1. The effect of temperature. 

The tests were performed at elevated temperatures for tool material 1.2344. They range from 200 to 800 °C. 
The paper presents the most interesting research results. The samples were heated in a furnace without a 
protective atmosphere. This corresponds to the actual conditions during the forging process. Samples were 
heated at different times and temperatures. The results are shown in Figures 7 and 8.  

 

Figure 7 Influence of heating temperature and time in the furnace on the distribution of hardness as a 
function of the distance from the surface. Material 1.2344 without nitriding 

The following conclusions can be drawn from the research carried out. As the temperature increases, the 
hardness of the top layer decreases. For nitrided tools with 1200 HV0.1 to about 600 HV0.1. On the other 
hand, for tools unmounted from 500 HV0.1 to about 260 HV0.1.  
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Figure 8 Influence of temperature and heating time on the furnace on the distribution of hardness as a 
function of the distance from the surface. Material 1.2344 after nitriding  

The observations concern the temperature of 650 °C and the heating time in the furnace 2.0 h. For these 
parameters, the greatest hardness decreases in the surface layer were noted. Results for other times and 
temperatures are shown in Figures 7 and 8. 

3.2. Study the effect of scale and magnetic field on wear mechanisms. 

In the laboratory, wear tests were performed in oscillatory friction conditions. Sample material (about 470 HV) 
is 1.2344 steel. The counter is a steel ball with a hardness of about 700 HV. The counter rod ended with a 
spherical surface with a radius r = 1.25 mm and made an oscillatory motion of 10 mm amplitude with a 
frequency of 2 Hz. Oscillator pin load 20 N. The magnetization value for the third sample was about 5 - 10 mT. 
Measurements of magnetic induction were done with a HIRST Magnetic Instruments GM08 tachometer at 
room temperature. 

Test conditions: 

a) Steel - Steel, no lubrication. (Figures 9a and 10a) 
b) Steel - Steel, with the addition of Fe2O3 and Fe3O4 scale. (Figures 9b and 10b) 
c) Steel - Steel, with the addition of scale Fe2O3 and Fe3O4 and under the action of the magnetic field. 

(Figures 9c and 10c) 

   

Figure 9 Results of measurement of the track width for different test conditions. Electron Microscope-SE 
detector 

Description of the changes on the surface of the material being tested. The width of the measuring path Figure 
9a - 377 μm, 9b - 447 μm and 9c - 1041 μm. Steel - Steel, no lubrication. An image of typical abrasive wear 
determined by micro-cutting (visible long cracks). Cracks in the form of stepping typical of low-fat surface 
fatigue. Numerous features and furrows. Track width 377 μm. Steel - Steel, with the addition of Fe2O3 and 
Fe3O4 scale. Abrasive and adhesive wear. Abrasive products (ground material) pressed in the test track - very 
large amount. No abrasive paste on the sample being tested. The width of the wear path is 447 (μm). 
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Figure 10 View of the wear path for different test conditions. Electron microscope-SE detector 

Steel - Steel, with the addition of scale Fe2O3 and Fe3O4 and under the influence of the magnetic field. Intensive 
abrasive wear track width 1041 μm. An intensive application of the material to the counter was observed. This 
is related to the nature of the sample under the action of the magnetic field. Visible stickers of abrasive material. 
(Dark elements in Figures 9c and 10c). The third test is the widest of all three wear trace tests. 

4. CONCLUSIONS 

The analysis of wear processes in industrial and laboratory conditions makes it possible to formulate the 
following conclusions: 

1) During the hot forging of C45 steels, there was a high presence of scale in the patterns of forging tools 
and for forgings. The presence of scale (Fe2O3 and Fe3O4) can intensify wear processes. EDX studies 
have confirmed that the scavenger tested is very hard iron oxide particles. These particles are 
ferromagnetics. 

2) Strong impact of variable temperature fields reduces the hardness of tools in the surface layer. The 
decrease in hardness is a function of time and temperature (Figure 6). 

3) The presence of scale and scale and magnetic field causes a change in the wear mechanism of tool 
steel for hot work 1.2344. 

4) As indicated in the literature and research conducted, it is necessary to get rid of the magnetization of 
tools in their preparation processes. 
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Abstract 

With using of tension tests, which were performed on universal plastometer Gleeble 3800, the influence of 
grain size on hot formability medium-carbon steel was investigated. From investigated steel were prepared 2 
sets of samples, while the booth sets were made from the same melt. The first set of samples was made from 
hot rolled bars. The second set of samples was made from the subsurface area of the continuously cast billet. 
It can be assumed that the samples prepared from a cast billet should have a relatively coarse grain structure, 
whereas samples made from hot rolled bars should have relatively homogenous fine grain structure. The 
samples with the initial deformed structural state were heated directly to the selected deformation 
temperatures, whereas samples with initial cast structural state were uniformly austenitized by temperature 
1300 °C and then were controlled cooled down to selected deformation temperatures. All hot tensile tests were 
performed at uniform tension rate 1000 mm·s-1. The samples from initial deformed structural state exhibited, 
with a comparison of samples from initial cast structural state, the higher hot ultimate tension strength and 
smaller hot ductility. The interesting results of hot ductility were obtained in the two-phase low-temperature 
region. In the case of samples from initial cast structural state, the ductility at low-temperature two-phase area 
decreased, whereas in the case of a sample from the initial deformed structural state the ductility unexpectedly 
increase. 

Keywords: Grain size, hot formability, tension test, mechanical properties in hot condition 

1. INTRODUCTION 

Several types of tests can be used to investigate the basic plastic properties of steels in hot condition [1, 2], 
while the most simple one is a uniaxial tensile test, which is very sensitive to the workability of the materials 
due to the predominant tensile stress during the test [3, 4]. Several works, in which the steel is used in the 
initial cast or formed state can be encountered in the literature, and its strength and plastic properties during 
hot forming should, therefore, be affected by the initial grain size [5 - 7]. The formability of the cast steel should 
be moreover negatively affected by structural and chemical inhomogeneity, weakening of grain boundaries, 
internal tension and occurrence of casting defects [3, 8]. 

The main objective of this work was to compare the influence of the structural state, or of the grain size on 
formability of the medium-carbon steel C45. For this purpose, hot tensile tests were used, which were carried 
out over a wide range of deformation temperatures on the universal plastometer Gleeble 3800, which is 
installed in the Laboratory of the Regional Materials Science and Technology Centre [4]. 

2. EXPERIMENT DESCRIPTION 

We used for this experiment an unalloyed medium-carbon steel C45, the standard chemical composition of 
which (in wt.%) is the following: 0.40 - 0.52 C, max. 0.43 Si, 0.46 Mn, max. 0.035 P, max. 0.04 S, max. 0.45 Cr, 
max. 0.13 Mo, max. 0.45 Ni [9]. 
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The investigated steel was delivered for the purposes of this experiment in two initial structural states, i.e. in 
the form of hot-rolled bars of 12 mm in diameter and in the form of continuously cast billet with a cross-section 
of 150 x 150 mm. This different initial structural state of the samples 
and the chosen mode of heating should affect the size of the initial 
austenitic grain during uniaxial tension tests. Cylindrical samples of 
10 mm diameter and length of 116.5 mm, which were threaded at 
the ends, were prepared from these supplied bars, or from 
continuously cast billets for tensile tests. First, a 10 mm thick layer 
was removed from the continuously cast billets, which consisted of 
strand shell. After that longitudinal bars of a square cross-section 
(14 mm square side) were cut out from thus the cut continuously 
cast billet, from which cylindrical samples were made for tensile 
tests. 

The microstructure of the samples made from hot-rolled bars 
consisted of a fine-grained homogeneous mixture of ferrite and 
pearlite - see Figure 1. Contrary to that, the structure of samples 
made from continuously cast billets consisted of coarse pearlite 
blocks, which were lined with relatively fine ferrite mesh - see 
Figure 2. 

Temperatures of phase transformations of Ac1 and Ac3 (°C) (see 
Table 1), were determined even before the uniaxial tensile tests 
using the QTSteel 3.2 software and the Kasatkin [10] equations. 
Based on the evaluation of these temperatures, the deformation 
temperatures for uniaxial tensile tests were determined in a way to 
perform individual tests in a single-phase austenitic region, in a two-
phase austenitic-ferritic region or below the temperature Ac1, i.e. in 
the ferritic-pearlite region. 

Table 1 Temperatures of phase transformations during heating of investigated steel  

Temperature of phase 
transformation 

Calculation Methods Average 
value 

Standard 
deviation QTSteel Kasatkin 

Ac1 (°C) 729 734 731.5 2.5 

Ac3 (°C) 780 792 786 6 

Prepared samples made from the initial hot-rolled bars were heated by electrical resistance heating at a rate 
of 10 °C·s-1 directly to the selected deformation temperatures, at which they were held for 30 seconds. 
This heating mode was selected in order to suppress grain roughening during dwell at the deformation 
temperature. For this purpose, the deformation temperatures were chosen from 1400 °C to 675 °C. 

The samples made from the continuously cast billet were uniformly preheated to a temperature of 1300 °C 
and they were held at this temperature for 3 minutes while trying to form in the investigated material a coarse 
austenitic grain. The samples were then cooled down by controlled cooling at a rate of 5 °C·s-1 to the chosen 
deformation temperatures, followed by a short 10 s dwell for temperature homogenization. For this part of the 
experiment, deformation temperatures were selected in the range from 1300 °C to 650 °C. Since at a 
deformation temperature of 1300 °C no significant decrease of the maximum force and elongation to rupture 
took place, compared to other samples from the same set, two further tests were performed with heating of 
the samples directly to the deformation temperatures of 1320 °C and 1340 °C. The dwell at these temperature 
was again 3 minutes. 

 
Figure 1 Microstructure of hot rolled 

products 

 
Figure 2 Structure of continusously 

cast billet 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

366 

All the samples were subjected to tensile stretching at a uniform tension speed of 1000 mm·s-1. 

For the purposes of determining the mean diameter of the initial grain after heating of the investigated steel to 
the selected deformation temperatures, the samples of 10 mm in diameter and 15 mm in length were made 
from both initial structural states. They were placed into an electric canthal furnace heated to the selected 
temperatures, and after 7 minutes of dwell time, they were quenched in water. Samples from the initial formed 
structure were heated to 700 °C, 775 °C, 900 °C, 1200 °C, 1340 °C and 1370 °C. In the case of samples from 
the initial cast structure, only the heating temperature of 1300 °C was chosen because at the tensile tests the 
samples made from a continuously cast billet were uniformly heated to this temperature. Subsequently, these 
samples were subjected to metallographic analyses aimed at etching the boundaries of the original austenitic 
grain. 

3. DISCUSSION OF RESULTS 

Metallographic analyses were performed using conventional optical microscopy. In the case of samples from 
the initial formed state of the steel C45, the heating temperature of 700 °C did not result in austenitization of 
the sample (see Figure 3a) and the microstructure was formed by a fairly even mixture of ferrite and pearlite. 
At the heating temperature of 775 °C, a partial austenitization of the structure already occurred (see 
Figure 3b). Higher heating temperatures resulted in complete austenitization of the samples (see 
Figures 3c - 3e). In a sample heated to 1370 °C (see Figure 3e) it is possible to see black formations inside 
the grains and also at their boundaries, which evidently indicate the presence of inclusions, which cause hot 
brittleness after segregation at the grain boundaries. In the case of a sample from the initial cast state, a 
complete austenitization also took place (see Figure 3f) and the initial austenitic grain was very coarse. 

   
a) heating temperature of 700 °C 

(initial formed state) 
b) heating temperature of 775 °C 

(initial formed state) 
c) heating temperature of 900 °C 

(initial formed state) 

   
d) heating temperature of 1200 °C 

(initial formed state) 
e) heating temperature of 1370 °C 

(initial formed state) 
f) heating temperature of 1300 °C 

(initial cast state) 

Figure 3 Photo documentation of initial grains after various heating temperatures of investigated steel  

The mean diameter of the initial austenitic grain dmean (m) or of the ferritic grain and pearlitic blocks of the 
heat treated samples was determined using the linear straight line method according to EN ISO 643 [11]. In the 
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case of samples from the initial formed state, the mean diameter of the austenitic grain increased exponentially 
with the increasing temperature, as documented graphically in Figure 4. In the case of a sample from the initial 
cast structure, a mean austenitic grain size of 223.2 m was achieved. 

  
Figure 4 The average diameter of the grain of the 

investigated steel in its initial formed state 
Figure 5 Tension diagrams - comparison of the 

initial formed and cast state 

The maximum force values Fmax. (kN). and the total elongation to fracture L (mm) were determined from the 
measured data from the uniaxial tensile tests, see Figure 5 documenting the dependence of the measured 
force and the total elongation of the selected test samples from the initial formed and cast structure. 
These values were then used to calculate the contractual hot ultimate tensile strength UTSH (MPa) and hot 
ductility AH (%) of all ruptured test bars: 

푈푇푆 =
퐹 . · 1000

푆  (1) 

퐴 =
Δ퐿
퐿 · 100 (2) 

where S0 (mm) is the initial cross-sectional area of the test bars and L0 (mm) is the initial measured length, 
which was 20 mm for used stainless steel jaws. Evolution of these strength and plastic properties in 
dependence on the deformation temperature is graphically documented in Figure 6 and Figure 7. 

Figure 6 Dependence of the hot strength on the 
deformation temperature 

Figure 7 Dependence of the hot ductility on the 
deformation temperature for both structures  
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With increasing deformation temperature, the material flow stress and thus its strength decreased (see Figure 
6). Higher values of contractual hot strength were achieved on the samples made from the initial fine-grained 
formed material. At a deformation temperature of 1270 °C and higher, the differences between the values of 
the contractual hot strength for both sets of samples were negligible, naturally with the exception of the cases 
influenced by practically zero formability. Interestingly, the effect of the phase composition was at low 
temperatures (below 725 °C) manifested only in the case of a formed state. 

The initial coarse-grained casting structure was expected to negatively affect the workability of the investigated 
steel in comparison to its fine-grained state, as it should relatively decelerate the nucleation phase of the 
recrystallization and contribute to the fragile inter-crystalline fracture [3]. This assumption, however, was 
surprisingly fulfilled only at the highest temperatures of exceeding approx. 1320 °C, when the cast structure 
showed an earlier and steeper decrease in plastic properties probably due to overheating and burning of the 
material - see Figure 7. This corresponds to the results of metallographic analyses showing that the samples 
from the initial cast state and heated at a temperature of 1300 °C, have a coarser initial austenitic grain than 
the samples from an initial state heated to 1370 °C. At lower deformation temperatures, however, the cast 
state showed practically always slightly higher ductility. 

It is known that the refining of the initial grain increases the steel formability only at high temperatures - by 
limiting the development of inter-crystalline cracks connected even with slip along grain boundaries, and by 
accelerating the dynamic recrystallization process [12, 13]. On the other hand, under the cold conditions, the 
more ductile steel are usually more coarse-grained [3], when moving dislocations travel along a longer free 
path before they encounter an impassable obstacle, i.e. the grain boundary. It is also true that only very 
significant differences in grain size really affect the formability of metallic materials - see e.g. [7]. 
Another complication consists in the fact that ductility of metallic materials is mostly investigated in laboratories 
at very low strain rates [5, 6, 14], where the kinetics of dynamic recrystallization plays a key role. In contrast 
to that, the tensile tests of the steel C45 were carried out at a constant drawing speed of 1000 mm·s-1, 
corresponding to a mean strain rate of approx. 50 s-1. Given the known dependence of the strain value 
necessary to initiate dynamic recrystallization on the Zener-Hollomon parameter [3], it can be questioned 
whether under the given experimental conditions, dynamic recrystallization could be at all achieved, or what 
impact it would have on formability. The grain boundaries are repeatedly changed and possible micro-cracks 
are moved from the grain boundaries to the grain volume by recrystallization. This inter-granular position then 
considerably reduces conditions for their propagation. 

It is further evident from the graph in Figure 7 that the two-phase ferritic-austenitic region (manifested by a 
change in the temperature-elongation curve) is in the case of samples with an initial casting structure shifted 
relatively to lower temperatures. This corresponds to the assumptions about the influence of the size of the 
austenitic grain on the evolution of the phase transformations [15]. 

In the ferritic-austenitic area, even a slight increase in plastic properties took place, which disagrees with the 
general opinion on the deterioration of the formability in the two-phase structure. This phenomenon has already 
been observed in the works [5, 14] and it could be explained by a deformation occurring preferably in a more 
ductile ferritic phase. 

4. CONCLUSIONS 

With decreasing deformation temperatures, the strength properties of the investigated steel increased in both 
initial structural states. The initial coarse-grained cast structure exhibited lower strength properties across the 
whole range of applied deformation temperatures than the initial finer formed structure. 

Surprising results were found regarding the plastic properties. Better hot ductility was exhibited at high 
temperatures by the samples from the initial coarse-grained cast structure, contrary to the samples from the 
initial fine-grained formed structure. The chosen drawing speed of 1000 mm·s-1, or high strain rate of 50 s-1, 
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apparently did not lead to the initiation of dynamic recrystallization, which subsequently affected the formability 
of the investigated material. In addition, in the two-phase ferritic-austenitic region, the samples from the initial 
formed state exhibited increased hot ductility, which was evidently caused by a deformation occurring 
preferably in the ferritic phase. Deformation temperatures above 1300 °C, in the cases of the samples from 
the initial as-cast state, or 1320 °C in the case of an initial formed state, as a result of overheating and burning 
of the material probably led to a significant decrease in formability. 

Given the achieved results of the plastic properties, it would be appropriate to examine the influence of the 
initial structural state of the investigated steel on the formability at lower applied tension speeds. 
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Abstract 

Deformation characteristics of carbon steel are studied in the temperature range 900 - 1200 °C and strain rates 
0.1 - 100 s-1 on the plastometr Gleeble using compression tests on cylindrical samples. Processed a single 
dissipation maps in the field of forming are developed on the basis of changes in the effectiveness of 
dissipation, depending on temperature and deformation resistance, taking into account the strain rate. Strass-
strain curves under different deformation conditions were used. Map of absorption of energy reveals that peak 
efficiency of strain rate sensitivity parameter is achieved of m values of 0.21 and from that the energy 
dissipation efficiency η is calculated with purpose to find the optimal forming conditions. At the same time to 
the contour dissipation map, the map of an instability criterion ξ has been added. The instability forming mode 
is recorded lower values of ξ, in the present case, however, it is not a dramatic slump, only a warning on the 
possibility of defects. Behavior analysis indicated that there were a dynamic recrystallization at higher 
temperatures and in all conditions forming since the value 0.2 deformation (deformation at lower strain rates 
there) and always above 0.2 to 0.4 even at high strain rates. 

Keywords: Steel, forming, energy dissipation, instability parameter 

1. INTRODUCTION 

The first processing map was constructed in 1997 by Prasad et al. [1-3]. Processing maps show on the one 
hand the areas suitable for forming steels (mainly hard-formable, such as bi-phase, stainless etc.) or non-
ferrous alloys (alloys of magnesium, aluminum, nickel, titanium etc.). What is energy dissipation? 
Some authors say that it is something like effectiveness, but it's not directly it. Because I want to be clear, 
intimate, so time it as follows. Probably the closest to an explanation of this concept is a distraction of energy. 
Let's take an example. When forming we need power to change the shape of the body plastic deformation. It 
doesn't matter if we imagine rolling or pressing or forging, always only part of energy is consumed on the 
intended change of shape. And so I present to you the concept of disisipation. Total energy P which the body 
absorbs during deformation is comprised of two parts, the first part being energy G which represents the input 
power dissipated by the material, substantial part of which is converted into heat. The second part is the 
supplement J which represents the energy dissipated due to metallurgical changes such as during dynamic 
recrystallization, dynamic recovery, nucleation, growth of cracks and other processes, and therefore it is the 
criterion for characterizing the dynamic response of the material. The total energy can be expressed by the 
following equation [1, 2]: 

P = G + J                            (1) 

where: P - total energy absorbed by the body during deformation (J), 

G - the energy dissipated due to plastic deformation (J), 

J - the energy dissipated due to metallurgical changes (J). 
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When setting the dissipation of the parameter m, which is  

m =  = ̇  
 ̇

 = 
 ̇

             (2) 

It is widely and generally known that at higher temperatures is less deformation resistence [3]. When we 
discuss the dozens of up to hundreds of articles about dissipation, so at higher temperatures the numerical 
value of dissipation are greater. The role here play as well as structure, but for simplicity this proportionality 
applies. 

Less known is that with the influence of strain rate. Again, in most cases, the deformation resistance increases 
with increasing strain rate. This is reflected in the results of dissipation lower numeric values. Why in most 
cases it does not take into account the strain rate? Because the real plants, real technological procedure are 
bound to a specific equipment and say in general, the vast majority of even the technologists in the plants 
knows very little about what is in their devices, strain rate. If we know the formula for the calculation of values 
J and Jmax, we can set a dimensionless parameter η (dissipation efficiency), which is very important for the 
creation of processing maps. The dissipation efficiency can be the expressed [4-7]: 

η =  =               (3) 

Other calculations, it is possible to determine the degree of instability 휉 of the forming proces. This math and 
eventually map dependencies are used in particular for complex structures where they occur at different 
temperatures and different phase occures, there is a blending of recrystallization and recovery phenomena, 
precipitation of the inclusions, the elimination phases on the border of the grains and so on. In our steel to 
prevent examined does not occur and therefore the following images of instability process, are very similar for 
all deformation, ie 0.2; 0.5 and 0.8. Very little is different for different sizes of deformation, which is obvious 
from the following pictures.  

휉 =
  

̇
+ m               (4) 

2. EXPERIMENTAL PROCEDURES 

Structural carbon steel, microalloyed with boron and titanium, suitable for connecting parts, with very good hot 
and cold formability and with guaranteed weldability. Directional chemical composition: 0.3 % C -       1.2 % 
Mn - 0.2 % Si - 0.02 % Ti - 0.003 % B. The compression tests were carried out in the temperature ranges of 
900 - 1200 °C and the strain rate ranges of 0.01 - 1 - 10 - 100 s−1 on a Gleeble 3800 thermo-mechanical 
simulator. All specimens were compressed to true strain 1.0, then immediately air cooled down to room 
temperature. A total of 16 tests were performed. Several passes of the stress-strain curves are shown in the 
following Figure 1. 

  

Figure 1 Stress-strain curves  
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The curves show that at strain rates to 10 s-1 is the start of dynamic recrystallization in areas around 0.2 strain. 
With increasing temperature increases up to 0.4. Conversely, at curves of deformation of 10 and in particular 
of 100 s-1, the curves resemble the course of dynamic recovery with the steady state of plastic flow, and the 
peak deformation is shifted to 0.5. Strain rate plays a pivotal role; even at low temperatures, a marked peak 
with a drop in tension is lost. They indicate that at high temperatures is the beginning of a dynamic 
recrystallization somewhere around 0.2 deformation at low rates. But even at high temperature and high strain 
rate the peak becomes less pronounced and moves to the right. This is obviously far more at lower 
temperatures, where the curve more likely recalls the dynamic progress of recovery to designate after the peak 
steady-state flow area. The following part of the Excel calculation recount of parameter m and gradually from 
him, then according to the formula the size of the dissipation of the  and instability of 휉. 

3. RESULTS AND DISCUSSION 

The following images prove it. All other pictures were prepared by program Surfer. The processing maps 
obtained at strains of 0.2, 0.8 are shown in Figure 2 (a)-(b), respectively. 

  
  (a) strain = 0.2 (b) strain = 0.8 

Figure 2 Dissipation maps  

In all figures, the range of strain rates is in a single scale, the minimum value is the deformation velocity of 
0.1 s-1, which is not markedly high at the strain rate axis [8]. Typically, logarithmic scales are listed in the 
literature, the scale chosen for us is more favorable for a direct understanding of the influence of strain rate. 
However, it has an obvious disadvantage at low strain rates. The contours in the processing maps represent 
constant efficiency of power dissipation marked as percent. As the temperature rises slightly, the magnitude 
of the dissipation decreases slightly, as if the peak was negligible at temperatures in the range of 1350 to 
1400 K. This is a single map (Figure 2 (a)) for deformation 0.2, otherwise the values dissipation  range 
throughout the range of strain rates from 0.1 to 100 s-1 for all deformations in values above 23 % and for all 
the values of deformations that were examined, ie, the size 0.2 as the mean, then the deformation 0.5 and the 
highest deformation 0.8. Next we deduced the instability of  for all deformations and strain rates. Also, the 
instability of deformation, expressed by the  parameter, is very similar at all deformations. This results from 
the parameter m, which acquires very similar values at low and high velocity deformations. The following 
figures shows an area of instability for the described strain rates. The values are slightly negative, the more 
negative, the greater the deformation instability. Distinct and not unexplained are curves in the area of very 
small deformation where the values exceed the positive number 1.0. From this it can only be assumed that at 
low strain rates the material is well-formed [9]. 
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  (a) strain = 0.2 (b) strain = 0.8 

Figure 3 Instability maps  

Negative values of parameter  are less favorable and may indicate a greater degree of instability (Figure 3), 
and this has not been reflected in our investigated steel. It is, however, that the lowering of the temperature 
and the lower deformation rates are lower. In terms of instability, for example, with a distortion of 0.5, a spatial 
image, there is only a slight difference across the temperature range, the instability (positive values) decreases 
significantly at low strain rates. 

  (a) strain = 0.2 (b) strain = 0.8 
Figure 4 Processing maps 

The images represent the loading of two surf maps on top of each other - Figure 4. The red dashed lines 
shows instability, mostly in the range of -0.4 to -0.7 values. The studied steel, essentially basic chemical 
composition without special increment, with only B content of 0.003 %, behaves naturally and the markedly 
austenitic character. B does not seem to alter the internal structure. From the graphs of stress-strain curves 
results from the assessment described in the experiment section. It can also be concluded that higher and 
more favorable dissipation values are always at lower deformation rates [10]. 

4. CONCLUSIONS 

A simple instability condition was applied to develop the processing maps of examined steel, the domains 
representing various microstructural mechanisms are explained below: 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

374 

(1) As the temperature rises slightly, the magnitude of the dissipation increases slightly, as if the peak  
was negligible at temperatures in the range of 1350 to 1400 K. This is a single spatial map for 
deformation 0.2, otherwise the values dissipation  range throughout the range of strain rates from 0.1 
to 100 s-1 for all deformations in values above 23 % and for all the values of deformations that were 
examined, ie, the size 0.2 as the mean, then the deformation 0.5 and the highest deformation 0.8. At 
higher temperatures the dissipation run to 34 %. It can also be concluded that higher and more favorable 
dissipation values are always at lower deformation rates. 

(2) Negative values of parameter  are less favorable and may indicate a greater degree of instability.  
However, the tested steel behaves similarly in terms of instability in the entire area of deformation, and 
it is surprising that, even with low 0.2 strain, the results of both dissipation and instability are little 
different. From the point of view of mathematics and gradual calculations, this is because the basic 
parameter m, which then calculates the dissipation of  and consequently the instability of , is based 
numerically very similarly for all the deformation sizes and this has not been reflected in our investigated 
steel. 
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Abstract 

Heavy seamless tubes are produced by the Big Mannesmann Rolling Mill in Třinecké železárny plant. Their 
final microstructures and properties are not only given by steel chemistry, they are also largely influenced by 
cooling conditions after finish-rolling. Continuous cooling transformation (CCT) analysis of various steel grades 
has been increasingly an object of the researchers' attention. Nevertheless, the phase transformations are 
also affected by the initial microstructure (e.g. austenite grain size) and previous deformation (ratio of residual 
hardening and softening). For that reason the DCCT diagrams (including the influence of defined deformation 
e = 0.35) of the HSLA steel X70 were designed for two states of the initial microstructures. In rough outline, 
the tested steel has the following chemical composition: 0.16 C - 1.0 Mn - 0.2 Cr - 0.05 V - 0.03 Nb (in wt. %). 
Phase transformations in the course of cooling were studied by dilatometer tests (performed in the Gleeble 
3800 hot deformation simulator, to wide cooling rates range, from 0.15 °C/s to 80 °C/s), metallographic analysis 
and hardness as well as micro-hardness measurement. Coarse gamma grains (G = 3) were produced by high-
temperature preheating (1280 °C) of the dilatometer samples made from the continuously cast bloom with 
diameter of 400 mm. Fine initial microstructure (G = 11) was obtained by severe laboratory hot rolling of the 
cast material and normalizing. Lower temperature of austenitization (900 °C) has been set in the dilatometer 
to make such samples from the normalized material. Great differences were observed, some coarse-grain 
samples containing acicular ferrite, whereas mixture of martensite and austenite appeared in the fine-grain 
samples cooled with rates of at least 12 °C/s. Lower heating temperature substantially accelerated the 
gamma/alpha transformation at high cooling rates. 

Keywords: Seamless tubes; HSLA steel; controlled rolling; continuous cooling transformation diagrams; 
                   microstructure 

1. INTRODUCTION 

Steels are largely used for the engineering purposes such as pipelines for few centuries [1]. Last decades, 
micro-alloyed steels have emerged and have been continuously improved [2, 3]. For this class of steel, more 
than qualities brought by chemical composition, a mastered making process gives great mechanical properties 
and weldability. Application of these steels on seamless tubes obtained by controlled rolling leads to 
specificities of input setting parameters [4, 6]. Among the input parameters some are critical, such as initial 
microstructure [7, 8] (e.g. austenite grain size). Because development of the optimum setting in the plant would 
slow down production and has unnecessary cost, this document offers analysis of the initial microstructure and 
previous deformation effect by laboratory work. All experiments in order to obtain DCCT diagrams and their 
correlation have been processed from a sample of a continuously cast bloom made by Třinecké železárny [9, 
10]. The specific HSLA steel used for this seamless tubes production is the X70 grade which means that its 
yield strength is 70 ksi = 482 MPa. The chosen alloy is made from the following chemical composition: 0.16 C 
- 1.0 Mn - 0.2 Cr - 0.05 V - 0.03 Nb (wt. %). 
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2. EXPERIMENT DESCRIPTION 

All experiments contained in this document have been processed from a sample of a continuously cast bloom 
of a diameter of 400 mm made by Třinecké železárny. Figure 1 shows the path used to obtain DCCT diagrams 
and comparison from the given sample.  

During cooling process (which 
includes solidification) of the alloy in 
the mold, the temperature over the 
position is heterogeneous. In fact, 
the thermal insulation gradually 
decreases when approaching the 
wall of the mold. Local cooling rates 
lead to disparate level of 
precipitation, segregation, diffusion.  

Said by simpler words, there are 
uneven physical and chemical 
properties of steel along the section 
of the casted bloom. Nevertheless, it 
is important to notify that the 
structures are not frozen once to 
ambient temperature, application of 
strain or/and high temperature can 
make them evolve. 
 

From Figure 2, it is possible to give coarse estimation of grain sizes and share of the phases. In accordance 
with literatures [1, 2] the optical analysis of the bloom lighted up three kinds of macrostructure in the selected 
cross section which are: 

1) Chill zone: Melted steel was in direct contact with much colder mold’s wall. It provoked high cooling  
rate in the circumference of the bloom. This high cooling rate produced small and equiaxed grains.  

2) Columnar zone: as the cooling decreases compared to the chill zone, the grains are bigger and  
preferentially oriented in the direction of the heat flow. The presence of dotted lines in the direction of 
the cooling rate gradient is observable in the unetched state. 

3) Center equiaxed zone: in the center of the bloom, there is a super cooling phenomenon making  
relatively small equiaxed grains. Also because the volume of liquid is slightly lower than the volume of 
free space due to the reduction of temperature, it appears defects as cracks or porosity. 

 

Figure 2 Overview of etched microstructures over the position 
 in the continuously cast product 

Figure 1 Flowchart of the practical analysis 
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Figure 3 Positions of the samples on the bloom cross section 

After determination of the given structures and their locations, samples has been taken off from the center of 
the equiaxed zone and from the columnar one (Figure 3). The purpose of this experiment is mainly to deduce 
influence of initial microstructure on the final product. In order to do it, it has been done a comparison between 
fine and coarse microstructures, and comparison of a cooling into the dilatometer while applying deformation. 
Deformation was applied at 900 °C by a plastometer Gleblee 3800 with amount of equivalent strain and strain 
rate respectively equal to e = 0.35 and ė = 1 s-1.  

Samples A have been processes by rolling and normalizing to refine the already fine grains (compared with 
the samples B). The given samples were hot rolled by 16 passes between 1280 °C and 900 °C. More 
theoretically, during this phase, the austenite grains are stretched by deformation. These conditions promote 
recrystallization that means, the storage of the energy by the nucleation of brand new grains in the metal. The 
output part contains more grains than before, or in other words, finer grains size. In addition, the rolled products 
were normalized at 900°C and the final secondary grain size about 8 µm was obtained. Dilatometry samples 
machined from this material have been austenized at 900 °C / 180 s. 

 

Figure 4 Thermic cycle for grains growth in the sample B 

Dilatometry samples B have been heated at a rate of 10 °C/s to 1280 °C / 300 s to increase the grain size of 
the columnar zone. Such a temperature encourages the grains growth. The sample is then cooled down to 
900°C at a rate of 5 °C/s (Figure 4). Temperature is then stabilized during a dwell time of 5 s and the defined 
compression deformation is applied. In real conditions of the seamless tubes production a deformation is also 
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applied - it corresponds to finish of pilgrim rolling. Deformation becomes therefore an interesting parameter to 
take into account. After this preheating cycle dilatometry measurements can start. 

 

   Figure 5 Initial fine microstructure      Figure 6 Initial coarse microstructure 

Combining the location in continuously cast bloom with the described material’s thermomechanical treatment, 
initial austenite grain size of approx. 10 µm was obtained at low-temperature heating and more than 130 µm 
at high-temperature heating of the dilatometry samples (see Figures 5 and 6). All pictures in this document 
framed by green line relate to fine initial microstructure and red line frame for the coarse microstructure. 

3. DISCUSSION OF RESULTS 

With the aim to come to a conclusion, samples have been through several tests such as dilatometry, 
metallography, micro-hardness and hardness [11, 13] (Figure 7). All information have been correlated together 
to obtain further information as phase share, mechanical properties and transformation temperatures. 

By metallography of the dilatometry samples after cooling,the following phases has been found [14] : ferrite, 
(with equiaxed and acicular morphology), pearlite, M/A (which is mixture of martensite and austenite), 
martensite and bainite. HSLA steels show their highest qualities when their final microstructure is fine and 
even ferritic/pearlitic; cooling rate to obtain such microstructures is relatively low [15]. Indeed, it produces 
material with high thoughness, yield strength and weldability. Martensite and bainite microstructures make 
materials with high hardness and low thoughness.  

 

Figure 7 Different assessments and data they offer 
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The micrograph in Figure 8 comes from a sample with fine initial microstructure cooled at a cooling rate  
of 0.15 °C/s. It is observable that two phases forms the assessed sample. Long horizontal dark strips are 
known to be pearlite, which used to be lamellar. In other hand lighter grains are known to be equiaxed ferrite. 
This structure is typical and quite easy to identify with little bit of experience, it is usual on iron cooled on 
relatively slow cooling rate. This kind of microstructure used to be known as ductile with low hardness. 
Mechanical performances of this microstructure mainly depends on grain size and alloying element content. 

The micrograph in Figure 9 comes from the sample with coarse initial microstructure cooled at a cooling rate 
of 0.7 °C/s. Here there are observable 3 types of morphologies, the equiaxed ferrite, the acicular ferrite (needle 
shape, see yellow circle on the Figure 9), and a darker mixture. The darker mixture has been identified later 
by hardness test as pearlite and acicular ferrite. 

Phase share assesment Tables 1, 2 and Figures 10, 11 reveal by comparison that samples produced from 
fine austenite: 

 Have simplier microstructure, they are not composed of ganular bainite and acicular ferrite, which have 
potentially negative effects. 

 At high cooling rates, martensite share stay lower. 
 Ferrite share is always higher.  

Table 1 Hardness and structure parameters after cooling of the finer structure 

Cooling rate 

[°C/s] 

Hardness 

HV 30 

Ferrite 

[%] 

Ferrite 

Grain ø [µm] 

Pearlite+M/A 

[%] 

Martensite+Bainite+M/
A [%] 

0.15 147 79 11.9 21   

0.5 151 77 11.6 23   

4 174 68 9.3 32   

12 221 54  46 (M/A)  

35 238 45   (M/A) 55 

80 266 32   (M/A) 68 

  
Figure 8 Low cooling rates results, 
from fine-grain initial microstructure 

Figure 9 Low cooling rates results, 
from coarse-grain initial microstructure 
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Table 2 Hardness and structure parameters after cooling of the coarser structure 

Cooling rate  

[°C/s] 

Hardness 

HV 30 

Ferrite+ 

Acicular Ferrite 
[%] 

Ferrite 

Grain ø [µm] 

Pearlite+ 

Granular 
Bainite[%] 

Martensite+ 

Bainite 

[%] 

0.3 166 68  17.1 32   

0.5 187 65 (AF) 16.3 35   

0.7 193 62 (AF) 15.9 38   

1 198 60 (AF)  40   

4 229 52 (AF)  48 (GB)  

12 265 40 (AF)  60 (GB)  

20 333 20 (AF)    80 

35 389 5     95 

60 413 1     99 

Hardness is one of the basic values of material engineering, therefore it is perfectly mastered experiment  
[1, 2]. Additionally, it has been found that there exists a relation between the hardness and the ultimate tensile 
strength. Unfortunately, hardness is generally opposed to ductility and toughness. Rupture of hard materials 
have also often the disadvantages to be brutal and sudden. Regarding the Figure 10 and basic material 
engineering knowledge, fine initial microstructure should procure much higher toughness and ductility. Indeed, 
hardness is higher for every cooling rates (especially the highest) of the sample produced with a coarse initial 
austenite. Effects of fine final microstructure are well known by metallurgist and beneficial for tubes’ 
engineering purpose see Figure 11. 

 
         

 

Based on the combination of dilatometry tests, metallography and hardness measurement, two DCCT 
diagrams could be assembled. Temperatures of phase transformations were variously influenced by the initial 
microstructure - see Figure 12. DCCT diagrams correlation revealed that the finer initial microstructure: 

 Increases the ferrite start temperatures, mainly at higher cooling rates. 
 Broadens the range of pearlite forming temperatures 
 Supports the formation of bainite, pearlite and ferrite. 

Figure 10 Hardness comparison of the samples  Figure 11 Ferrite grain size comparison 
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In the other hand at the lowest cooling rates results are similar for both initial grain sizes and martensite-start 
temperature is not influenced at cooling rate higher than 25 °C/s. 

 
Figure 12 Correlation of DCCT diagrams influenced by the austenite grain size 

4. CONCLUSIONS 

DCCT diagrams of the pipeline HSLA steel X70 were designed for two states of the initial microstructures with 
a grain size of more than 130 µm or 10 µm. Coarse initial microstructure use to significantly increase hardness, 
and more likely decrease substantially ductility and toughness. By looking deeper in microstructures, it appears 
that at low cooling rates (< 0.7°C/s) the initial grain size does not influence the phase transformation kinetics. 
Indeed, coarse austenite increases the secondary grain size but above all, it brings high heterogeneity of the 
ferrite, which reduces considerably mechanical properties of the rolled part. At higher cooling rates results are 
totally different, transformation temperatures of ferrite and pearlite is kept up and remain steady from the fine 
initial microstructure. At the cooling rates > 12 °C/s, fine initial microstructure supports formation of ferrite and 
bainite, whereas coarser grains support formation of martensite. Great differences were observed, some 
coarse-grain samples containing acicular ferrite, whereas mixture of martensite and austenite appeared in the 
fine-grain samples cooled with high rates. More generally speaking, fine initial microstructure strongly supports 
ferrite formation at the expenses of other phases. Subsequently it gives more homogenous secondary 
microstructure and arguably better mechanical characteristics (even though it lowers hardness). Lower heating 
temperature substantially accelerated the gamma/alpha transformation at high cooling rates. Management of 
the initial grain size is a key parameter of a stable and resilient production using this steel. In the case of 
coarse-grain initial microstructure, it is necessary to refine it by using the proper thermomechanical treatment 
(e.g. controlled rolling [16]) at the heavy seamless tubes production by the Big Mannesmann Rolling Mill in 
Třinecké železárny plant. 
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Abstract 

Transformation kinetics of austenite during cooling is influenced by several factors as chemical content  
or thermomechanical parameters (temperature, dwell time, deformation, strain rate, cooling rate) and initial 
structure state, consequently initial austenite grain size. The aim of this article was just to assess the effect  
of initial structure state (casted, deformed, purposely extremely coarsened) on transformation kinetics  
of austenite during cooling of steel C10, which was moreover deformed uniaxial compression. This comparison 
was done on the basis of the construction of three transformation diagrams type DCCT (deformation 
continuously cooling temperature) for different initial structure state of hypoeutectoid steel C10. DCCT 
diagrams were constructed on the basis of combination dilatometric tests with an influence previous 
deformation, metallographic analyses, and measurements of Brinell hardness. For the execution  
of the experiment, the new optical dilatometric module of the plastometer Gleeble 3800 was used.  
The experiment demonstrated, that in the case of hypoeutectoid and low alloyed steels and in the case  
of slowly cooling rate (under 10°C/s) area of ferrite and pearlite formation were not dramatically shifted 
influence different initial grain size. In the case of higher cooling rate are already evident temperature shifts in 
areas of ferrite and pearlite. The obtained results show that the finer grain size shifted temperature border area 
of formation of ferrite and pearlite upward towards higher temperatures. Moreover, in the case  
of purposely extremely coarsened structure, metallographic analyses showed the formation of acicular ferrite 
after cooling of cooling rate 35 °C/s. 

Keywords: Initial structure, transformation kinetics, transformation diagrams, steel C10 

1. INTRODUCTION 

The transformation kinetics of austenitic transformation during steel cooling is affected by factors including 
particularly chemical composition, thermo-mechanical factors and structural state of steel. This issue is most 
often described by CCT transformation diagrams (Continuously Cooling Transformation) and TTT diagrams 
(Time Temperature Transformation). CCT diagrams are used for the cases of cooling at continuous rates and 
they include also the DCCT diagrams (Deformation Continuously Cooling Transformation), which also take 
into account the effect of the previous deformation, however, only after austenitization. TTT diagrams find their 
use in the cases of heat treatment followed by isothermal dwell (isothermal annealing) [1-4]. 

Selected chemical elements contained in steel can shift the transformation diagram in all directions. This is 
similarly also the case of thermo-mechanical factors, which also influence to a certain extent the position of 
the curves of individual transformations. A general view of the effect of these parameters on the CCT diagram 
is shown in Figure 1. The assumed influence of magnitude of the initial structure is demonstrated on the low 
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carbon steel CCT diagram in Figure 2. It is assumed that in the case of diffusions of controlled austenite 
transformations during cooling, the area of formation of pearlite and ferrite shifts to higher temperatures with a 
decreasing size of austenitic grain [3, 5 - 7]. 

Figure 1 Effect of alloying, thermo-mechanical 
factors and structure state on transformation  

kinetics [5] 

Figure 2 The effect of austenite grain size 
on transformation kinetics  

of 0.15%C - 0.5%Si - 1%Mn steels [6] 

In this paper, attention was paid to the study of the kinetics of phase transformations considering the effect of 
deformation and the type of the initial structure (cast vs. formed) of the steel grade C10. Steel grade C10 is 
suitable for pressed parts and for less loaded machine parts intended for cementing, with less strength in the 
core after quenching [8]. 

2. DESCRIPTION OF EXPERIMENT 

Transformation diagrams for the steel grade C10 were constructed on the basis of dilatometric tests and they 
were moreover compared also with the diagrams constructed using the software QTSteel. Dilatometric tests 
were performed on the opto-dilatometric module of the Gleeble 3800 using the SICO-type samples with 
a cylindrical shape of 6 mm in diameter and 86 mm in length, the length of the heated zone being 20 mm. The 
purpose of these tests was to assess the effect of deformation and, above all, the size of the initial structure 
based on the construction of DCCT diagrams for steel grade C10. 

The chemical composition of the investigated steel grade C10 is shown in Table 1. The CCT type 
transformation diagram for the investigated steel is shown in Figure 3. The effect of deformation  
on the transformation kinetics in the case of the investigated steel is documented in Figure 4, which shows 
the CCT and DCCT diagrams, which were calculated with the use of specialized software QTSteel.  
This simulation confirmed the expected shift of the DCCT diagram in respect to the CCT diagram to the left to 
shorter times [1,8]. 

Table 1 Chemical composition of steel grade C10 in wt. % [8] 

C Mn Si P S Cr Ni 

0.07-0.14 0.35-0.65 0.17-0.36 Max. 0.25 Max. 0.04 Max. 0.15 Max. 0.25 

The steel was for the purposes of experiment delivered in two structural states (cast and formed). In the case 
of the cast structure, these were continuously cast billets, from which the mentioned SICO samples were made 
from the subsurface areas. The initial austenitic grain size was 62 μm (G = 5). In the case of a formed structure, 
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the samples were made from rolled bars with a diameter of 20 mm with an original austenitic grain size of 22 
μm (G = 8). 

Figure 3 CCT diagram of steel C10 [8] Figure 4 Simulation of deformation effect on 
transformation kinetics of steel grade C10 - QTSteel 

The prepared samples were subjected to heating to an austenitization temperature of 920°C at the rate of 
10°C/sec followed by isothermal dwell at this temperature for 120 s followed by deformation of samples by the 
uniaxial pressure of 0.35 logarithmic strain and at the strain rate of 1s-1. The samples were after deformation 
cooled down at constant rates ranging from 0.4 to 50°C/s to room temperature. 

For the purpose of comparison, the tests were further expanded by another set of samples, for which efforts 
were made to produce an extremely artificially coarsened structure. This structure was achieved by a 
temperature mode, in which samples were austenitized at a temperature of 1100°C with an isothermal dwell 
of 180 s and then cooled down to 920 °C at cooling rate of 5°C/s; this was followed by equalising dwell at this 
temperature for 10 seconds, and the samples were then deformed by uniaxial pressure under the same 
conditions as in the previous cases. The samples were cooled down at the rates of 0.4; 4 and 35°C/s.  
The samples for these tests were made from rolled bars with homogeneously formed structure. 

The samples of all three initial structures with a cooling rate of 0.4 and 35°C/s were moreover subjected to 
metallographic analyses and measurements of their hardness. The samples for cooling rates of 0.4 and 35°C/s 
were selected specifically in order to demonstrate the effect of extreme cooling rates on the final structure and 
hardness values. 

3. DISCUSSION OF RESULTS 

The DCCT diagram of the steel grade C10 for the initial cast state is shown in Figure 5, where it is evident 
that the structure after cooling at the selected cooling rates will be formed exclusively by ferrite and pearlite. 
Figure 6 shows the DCCT diagram for the case of a more sophisticated initial structure. Here too, it can be 
seen that the diagram is in the investigated area of the cooling rates formed only by ferritic-perlite 
transformation. Figure 7 shows the simplified DCCT diagram for the case of complementary tests with 
artificially formed extremely rough structure. However, for more transparent comparison of all three types 
(sizes) of the initial structures, a comparative diagram was drawn, which is shown in Figure 8. It is clear from 
this diagram that due to the different size of the initial structures, no principal displacements took place in the 
direction of the vertical temperature axis. Nevertheless, mild temperature differences occur only at higher 
cooling rates (35°C/s), where the expected fact is confirmed, namely that due to the larger initial structure, the 
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beginnings and ends of ferrite and pearlite transformations are shifted towards lower temperatures. This 
phenomenon is due to the higher diffusion rate of diffusion-controlled transformations of coarse-grained 
materials. In the case of slow cooling rates, this phenomenon is suppressed exactly by a long time between 
deformation and transformation itself, during which as a result of static recrystallization and undoubtedly also 
of the chemical composition the structures of steel get unified [2-4]. 

Figure 5 DCCT diagram of steel grade C10 - initial 
cast state 

Figure 6 DCCT diagram of steel grade C10 - initial 
rolled state 

Figure 7 DCCT diagram of steel grade C10 - 
extremely coarsened state 

Figure 8 Comparison diagram for all states 

Metallographic analyses confirmed the presence of ferrite and pearlite in the structure of selected samples of 
the investigated steel in all cases of structural states (Figure 9). In addition, the assumption was confirmed 
that in the case of low carbon and low-alloyed steels, an obvious grain size refinement occurred with the 
increasing cooling rates [3, 4, 6]. Furthermore, it was found that the combination of high cooling rates and 
coarse-grained structures results in the formation of acicular ferrite. This trend is most evident in the case of 
artificially coarsened structure (Figure 9e). 
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a) initial cast state, cooling rate 35 °C/s b) initial cast state, cooling rate 0,4 °C/s 

  
c) initial rolled state, cooling rate 35 °C/s d) initial rolled state, cooling rate 0,4 °C/s 

  
e) extremely coarsened state, cooling rate 35 °C/s f) extremely coarsened state, cooling 0,4 °C/s 

Figure 9 Results of metallographic analyses of selected samples of steel grade C10 

For comparison, the realised physical experiments were compared with modelling in software QTSteel 
(Figure 10) only for the cast and formed state, since only in these cases we were able to enter the value  
of the initial austenitic grain in this specialised software. By comparing the diagrams in Figure 8 and  
Figure 10, we can see a fundamental difference, namely that the software QTSteel assumes from  
the cooling rate of 4°C/s the formation of bainite, which has, however, excluded by the experiment. In 
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addition, overall diagrams calculated in the software QTSteel seem to be shifted toward lower temperatures. 
Figure 11 shows the comparison of measured hardness for selected samples after dilatometric tests and, 
moreover their comparison with QTSteel. Brinell hardness values in the case of dilatometry exactly 
correspond to metallographic analyzses. In the case of the software QTSteel, the hardness values are 
higher, especially for the cooling rates of 0.4°C/s, which was caused by a wrong assumption of pearlite 
formation. 

  
Figure 10 DCCT diagrams of steel grade C10  

for initial rolled and cast state - QTSteel 
Figure 11 Effect of initial structural state  

on Brinell Hardness 

4. CONCLUSIONS 

On the basis of dilatometric tests after deformation of steel grade C10 with three different initial states,  
the assumption was confirmed that with the decreasing size of the austenitic grain, the transformation 
temperatures slightly increased in the case of diffusion-controlled transformations (ferrite, pearlite), especially 
in the case of higher cooling rates of 35°C/s. More pronounced differences were probably achieved in above 
high-carbon steels and possibly also in high-alloyed steels that were significantly more susceptible to grain 
coarsening. During the cooling of all samples, the structure was always composed only of ferrite and pearlite, 
however, in the case of a combination of cast structure and extremely coarsened structure with a cooling rate 
of 35°C/s, a non-negligible share of acicular ferrite was formed at the expense of massive ferrite.  
In addition, the influence of the cooling rate on the size of the secondary structure in these low-alloy and  
low-carbon steels was confirmed. As the cooling rate increases, the structure becomes noticeably refined. 
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Abstract 

In this study, the evolution of some properties of the wire drawn alloy AGS 6101 will be followed and the effect 
of a heat treatment at high temperature will be analyzed. 

OM (optical microscopy) and SEM (scanning electron microscopy) observations showed an homogeneous 
fibrous microstructure in the longitudinal cross-section. However, the EBSD (electron backscatter diffraction) 
analysis showed that the distribution of the two main crystallographic fibers <111> and <001> was not 
homogeneous through the cross-section of the wire. And as the deformation increases, it has been found that 
the fiber <111> tended to intensify at the wire core and the fiber <001> was distributed at its periphery. In our 
similar studies on wire drawn copper and steel, similarities in certain behaviors like hardening, recrystallization, 
have been found, but this phenomenon has not been observed yet. We have also found that the center of the 
wire stored less energy than the periphery during drawing. 

A heat treatment at high temperature (400 °C during various holding times) for this alloy, which leads to 
recrystallization, never modified the texture established by drawing and the two fibers <111> and <001> remain 
predominant. More importantly, treatments beyond 20 minutes led to heterogeneity in recrystallized grain size 
between the core and the periphery of the wires due to the initial difference in terms of stored energy through 
the wire section. 

Keywords: AGS 6101 alloy, wire drawing, metallic texture, crystallographic fiber, recrystallization 

1. INTRODUCTION  

This study relates to aluminum alloys type AGS 6101. According to the literature this alloy would be much 
more used in aeronautics and space, but in our case this alloy is intended for medium and high voltage 
electrical transport. In the literature there is a wide variety of works on aluminum and its deformed alloys, 
particularly on rolled aluminum alloys. But very few are those who focus on drawing and particularly for the 
6101 alloy. 

Thermal treatments are generally a necessary step after any shaping by plastic deformation. The main 
objectives are the elimination of hardened structures in order to obtain desired properties. In previous study, 
we treated the deformed state [1]. In this work, we will try to see the effect of the heat treatments on the 
evolution of the properties of drawn wire AGS alloy, in particular on its texture. 

2. STUDIED MATERIAL  

The studied material is the aluminum alloy type AGS 6101, supplied in the form of wires of different diameters. 
The associated deformations are presented in a previous study [1]. However, due to the variation in its 
chemical composition according to the suppliers and the arrivals, the recorded chemical composition is given 
in Table 1. 
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Table 1 Chemical composition of the AGS alloy 6101 

Element Fe Mg Si Cr Zn Mn Cu Al and others 

Content (% wt.) 0.73 - 0.86 0,6 - 0.97 0.52 - 0.7 0.26 - 0.34 0.02- 0.17 0.02 - 0.12 0.02 - 0.11 97 - 98.6 

3. INITIAL STATE AND DRAWN STATE INITIAL  

3.1. Texture And Acuity 

The pole figures (Figure 1) reveal the presence of fibers parallel to the wire axis (ND) of wire rod. The analysis 
by EBSD of the dispersion of the fibers <111> and <001> parallel to the wire axis confirms this observation. 
This result indicates the presence of an established texture in the wire rod. This observation is still particularly 
what we usually see on the continuous casting rods whether on the mild steel [2], the perlitic steel [3] and wire 
copper [4]. 

 
Figure 1 Pole figures of the initial state (wire rod). ND is the wire axis, normal to the pole figures. 

For the drawn wire as predicted by literature [5], the EBSD analysis (Figures 2 and 3) reveals the presence 
of the two strong fibers <111> and <001>. During drawing the fraction of the fiber <111> increases more than 
of the minority fiber <001>. However, a closer examination of the core and the periphery of the wire drawn 
shows that the distribution of the two fibers is not homogeneous according to the cross-section of the wire. 
The <111> fiber tends to settle at the periphery of the wire, whereas the <001>fiber tends to occupy the core 
of the wire. This trend tends to be more established as the rate of deformation increases. This result is also 
different from what is usually seen in the drawn wires [2-4]. However, this behavior can be assimilated to that 
observed on rolled sheets of aluminum alloys [6-13]. 

 

Figure 2 Microstructure characterized by 
EBSD of the center of the 86 % deformed 
wire. Crystallographic directions parallel 

to the wire axis 
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4. THE HEAT TREATED STATE  

The samples (drawn to 22 %, 36 %, 51 %, 68 %, 75 %, 81 % and 86 %) were heat treated. The annealing was 
performed in the open air and at atmospheric pressure at different temperatures ranging from 170 to 400 °C 
during various holding times, and then they were cooled in the open air.  

The various heat treatments carried out do not modify the mother texture composed of fiber <111> and <001>. 
We found that they only influence grain size and its distribution. A prolonged annealing at high temperature 
leads to a heterogeneous grain growth on the cross section of the wire.  

At 170 °C for times up to 4 hours, the microhardness at the center (core) and the periphery was almost the 
same. So we concluded that the grain size does not vary between the core and the periphery. But beyond (06 
h), we observed that the hardness of the core was slightly less than that of the periphery for deformations 
above 68%. So we established that the grain size at the core was slightly larger.  

At higher temperatures (400 °C), the grain size at the center and the periphery was identical for 10 minutes of 
treatment, as we can see in Figures 4 and 5. But after 30 minutes of treatment the size of the grains of the 
core becomes greater for the deformations above 75% (Figure 6). 

(a)                  (b)  

Figure 4 Microstructures characterized by EBSD at the center (a) and at the periphery (b) of the 86 % 
deformed wire annealed at 400 °C for 10 minutes 

Figure 3 Microstructure characterized by 
EBSD of the periphery of the 86 % 

deformed wire. Crystallographic 
directions parallel to the wire axis 
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Figure 6 Distribution of the grain size at the center and the periphery of the 86 % deformed wire annealed  
at 400 °C for 30 minutes 

4.1. Discussion 

The analysis of the intragranular stored energy (through the Grain Orientation Spread - GOS) is shown in 
Figure 7 after 10 minutes at 400°C. At this annealing time, microstructures are not completely recrystallized 
since it is assumed that GOS<1.5° corresponds to recrystallized grains. The stored energy at the periphery of 
the wire is greater than at the center, certainly due to shear strain induced by the cold drawing at the contact 
with the drawing machine. 

Figure 5 Distribution of the grain size at the center and the periphery of the 86 % deformed wire annealed  
at 400 °C for 10 minutes 
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Figure 7 GOS through the wire cross section after 10 minutes at 400 °C 

This difference between center and periphery explains why the periphery has an advantage to be recrystallized 
compared to the center as shown in Figure 8 where it can be seen that after 10 minutes annealing at 400 °C, 
the non-recrystallized fraction is close to 25 % at the center while it is only about 15 % at the periphery. 

 

 

 

(a)     (b) 
Figure 8 (a): center; (b): periphery; in color, grains with GOS>1.5°, = non-recrystallized grains after 

10 minutes at 400 °C 

Since the energy is greater at the periphery, the number of nuclei is also higher during recrystallization than at 
the center of the wire. As a consequence, grain size is smaller at the periphery as grain growth has occurred. 
This is in good agreement with Figure 6. 

5. CONCLUSION 

According to our previous results, the following points may be concluded: 

 Contrary to what we usually see in the alloy studied AGS 6101, a preset texture can occur in wires 
produced by continuous casting. 
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 After cold drawing, the texture becomes composed of a majority fiber <111> and a minority fiber <001>. 
 The <111> fiber tends to settle at the periphery of the wire while the <001>fiber occupies the core. 
 The periphery microstructure contains more stored energy than the center due to shear strain. 
 The heat treatments do not modify the mother texture but cause heterogeneity in the grain size beyond 

a certain deformation and after annealing during a sufficient time. 
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Abstract  

The article presents tests results of the influence of hot extrusion process on the microstructure and 
mechanical properties of alloy Mg-4Li-1Ca. Materials for tests were ingots which included in their chemical 
composition, apart from Mg and Li as the basic ingredients, such chemical elements as calcium in the amount 
of 1% mass. Alloy Mg-4Li-1Ca was achieved in the process of smelting in the shielding gas atmosphere (argon) 
and then casting into graphite moulds. Before the process of straining the ingots underwent homogenisation. 
An analysis was conducted of the microstructure in initial condition and in condition after plastic deformation 
with the use of techniques of light and scanning microscopy. The paper presents results of tests of mechanical 
properties marked in static compression tests in room temperature.  

Keywords: Mg-Li-Ca alloys, microstructure, hot deformation, extrusion process 

1. INTRODUCTION 

At present, the aviation and car industries are becoming more and more interested in magnesium alloys, the 
application of which influences the reduction of weight of the means of transport. Manufacturing of  
semi-products and products from magnesium alloys is mainly based on technology of casting which results 
from good casting properties of those materials. Application of the processes of the plastic processing is 
restrained but, as a consequence, it provides better operating properties. Materials tests as well as tests of 
manufacturing processes of the semi-products from magnesium alloys which were plastically processed are 
currently in the phase of intensive development [1-3]. The Institute of Materials Science of the Silesian 
University of Technology conducts research works devoted to elaboration of shaping technology for 
magnesium alloys. Besides the conventional magnesium alloys such as AZ61, WE43 and AZ31 the attention 
was also turned to the new generation of the ultra-light alloys which include lithium in their chemical 
composition. It is assumed that 1% of lithium weight content in the magnesium alloy reduces its density by 
about 3%. Additionally, it reduces the resistance to corrosion, due to high reactivity of lithium [6], which results 
in the limitation for technical application of those alloys. Due to their phase composition connected with the 
lithium content, alloys Mg-Li can be divided into three main groups: mono-phase with structure α, two-phase 
α+β, and mono-phase with structure β [1,6]. Literature data connected with magnesium alloys with lithium 
show that conducted research was concentrated on the optimization of the chemical composition by 
introduction of the additional chemical elements such as: Al, Ca, RE (mischmetal) which improve the resistance 
of the alloy and its temperature stability; improvement of the vacuum smelting technology and casting 
technology [5] as well as the application of hot-plastic working in shaping structure and mechanical properties. 
Apart from those difficulties magnesium alloys Mg-Li which are plastically processed, beside the decrease of 
the weight of alloy also give the possibility of significant improvement on the deformability and implementation 
of shaping in room temperature. The tests which have been conducted so far on the conventional alloys and 
new ultra-light magnesium alloys type Mg-Li, the results of which are presented in papers [2-7], as well as 
literature data have become the premise to start research on this group of materials. Introduction of calcium 
to the chemical composition of Mg-Li alloys influences on the improvement of resistance to creep and 
resistance to corrosion in elevated temperature. It also has a beneficial influence on the microstructure which 
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is fine-grained. Moreover, it is deoxidizing during casting and heat treatment. New, ultra-light Mg-Li-Ca alloys 
may become promising materials of the future, due to their low density, good resistance, ductility and bio-
compatibility to be applied in medicine in biodegradable implants and surgical suture [8-9]. They can also 
become an alternative to the currently applied conventional magnesium alloys. The paper presents the results 
of tests which analyse the microstructure and properties of Mg-4Li-1Ca alloy in initial state and after extrusion 
process.  

2. EXPERIMENTAL PROCEDURE 

Materials for extrusion process were ingots with a height of 90mm and diameter of  40mm from magnesium 
alloy Mg-4Li-1Ca [% mass]. The alloy was smelted in single-compartment, laboratory induction vacuum 
furnace VSG 02 by Balzers company [5]. Figure 1 shows an example primary structure and the appearance 
of the achieved ingot from magnesium alloy Mg-Li-Ca after casting process. Macrostructure of the achieved 
ingots consists only of equiaxial grains (Figure 1b). The lack of presence of areas with columnar grains - 
despite the fact of casting into graphite moulds which quickly absorb heat - indicates that the tested alloy has 
a strong tendency to volume crystallisation. It is a very beneficial phenomenon because the fine-grained, 
complex structure consisting of equiaxial grains usually has a better technological plasticity than the structures 
in which columnar grains dominate. There was a heat treatment conducted for tested alloy in temperature of 
400°C, with annealing for 3h and cooling in furnace all performed after casting process.  

 

Figure 1 Alloy Mg-4Li-1Ca after casting process: a) the appearance of the ingot, b-c) macrostructure 

After casting process and homogenisation the alloy Mg-Li-Ca underwent extrusion process. The process was 
conducted in the Institute of Metals Technology of Silesian University of Technology on hydraulic press with 
the use of hydraulic press Hydromet. The temperature applied for extrusion was 400ºC and capacity force of 
the press of 420 [kN]. The effect of conduction of extrusion process was achievement of rods with diameter of 
10 mm. The surface of the achieved rods was correct and did not include any defects. The analysis of 
microstructure was conducted after each conducted stage of tests with the use of light and scanning 
microscopy techniques. Tests of mechanical properties of the achieved rods were conducted with the use of 
testing machine Zwick/Roell Z100, in room temperature. Measurements of micro-hardness were done with the 
use of Vickers method with load of 0.2kG (HV0,2) on samples in initial condition and after extrusion process.  

3. RESULTS AND ITS DISCUSSION 

Figure 2 presents example microstructure of alloy Mg-4Li-1Ca after casting and homogenisation. The 
homogenisation has been conducted in temperature of 400ºC for 3 hours. Samples were cooled in furnace. 
According to literature data [8] in alloy Mg-4Li-1Ca in condition after casting and homogenisation there are 
phases α-Mg, Li2Ca and eutectics (α-Mg, Mg2Ca) present. In the microstructure in the initial state there were 
traces of dendritic structure with clearly marked grain boundaries observed. There was also a eutectic found 
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with lamellar structure situated in inter-dendritic areas of phase α-Mg (Figure 2). Authors of the paper [8] have 
shown that the eutectic is a mixture of phases α-Mg and Mg2Ca. The conducted analysis of the chemical 
composition confirms the bigger concentration of Ca in the locations where the mentioned eutectic can be 
found (Figure 3). The content of lithium and its distribution in the alloy was not defined due to the limitations 
of the testing methodology.  

 
 

 

  

Figure 2 Microstructure of alloy Mg-4Li-1Ca after casting and homogenisation, visible eutectics with lamellar 
structure in inter- dendritic areas 

Sample microstructures of alloy Mg-4Li-1Ca after extrusion process are presented in Figure 4. Microstructure 
of the tested alloy after extrusion process was characterised with the presence of equiaxial, recrystallised 
grains inside of which there were deformation twins. After extrusion process the observed eutectics are present 
mainly on grain boundaries and form a band arrangement. There were micro-hardness measurements HV0.2 
conducted on samples in initial condition and after extrusion process. There were no significant differences 
found between the initial condition where the micro-hardness equalled 45 HV0.2 and after extrusion process 
where it was 47 HV0.2. Mechanical properties were marked in static compression tests in room temperature. 
Achieved results show the deformability of the tested alloy presented in the form of relative draft to cracking 
which equalled 312 [MPa]. Resistance to compression equalled 17%.  

Figure 5 presents chosen microstructures after static compression test. In the microstructure of alloy Mg-4Li-
1Ca after static compression test some grain growth was observed together with growth twins which are 
particularly in phase α-Mg. 

Mg2Ca 

α-Mg 
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Figure 3 Surface distribution of elements Mg, Ca in alloy Mg-4Li-1Ca after processes of casting  

and homogenisation 

 
LM 

  
SEM 

Figure 4 Microstructure of alloy Mg-4Li-1Ca after process of extrusion  

   

Figure 5 Microstructure of alloy Mg-4Li-1Ca after static compression tests in room temperature 
 

4. CONCLUSION 

Magnesium alloys with lithium are a new generation of ultra-light construction materials. Introduction of lithium 
to the chemical composition was aimed at the decrease in the density of the alloy and at the same time increase 
of their deformability. The introduction of calcium, however, works deoxidising during the processes of heat 
treatment and casting. It also influences beneficially on the resistance to corrosion and resistance to creep in 

 Deformation 
twins 

 Eutectic 
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elevated temperature. Conducted tests have shown that in initial state the microstructure of alloy Mg-4Li-1Ca 
is dendritic with the presence of eutectics located mainly in the inter-dendritic areas of phase α-Mg. After 
extrusion process and as a result of recrystallisation the fine-grained microstructure was achieved. The results 
of conducted compression tests in room temperature show that the tested alloy has beneficial resistance 
properties and plastic properties.  
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Abstract  

The hot deformation behaviour of Ni55Cr45 alloy was investigated by isothermal compression test on the 
GLEEBLE 3800 thermo-mechanical simulator in the wide range of temperatures (750 - 1150 °C ) and strain 
rates (1 - 100 s-1). The experimental stress-strain data were employed to develop the constitutive equation and 
activation energy of the investigated Ni-Cr alloy. The correlation between the flow stress, temperature and 
strain rate at high temperatures was expressed by an Arrhenius type equation. The effects of temperature and 
strain rate on deformation behaviour were represented by Zener-Hollomon parameter in an exponent-type 
equation. Activation energy was calculated using a sine-hyperbolic type equation. The processing maps based 
on the Murty’s approach were developed. The processing window and the flow instability areas were 
determined. Furthermore the experimental rolling test was conducted according to delineated processing 
parameters. The results of numerical simulation and experimental rolling test showed good agreement with 
the optimum hot deformation condition. 

Keywords: Constitutive analysis, flow stress, activation energy, processing map 

1. INTRODUCTION  

The Dynamic Material Modelling (DMM) is based upon irreversible thermodynamics, and also upon continuum 
mechanics [1, 2]. Processing maps are an effective tool for optimizing materials workability. The processing 
maps show, in the process space contained in the function of temperature and log(strain rate), process 
conditions for the stable and unstable deformation, which means that they present “safe” and “unsafe” hot 
working conditions. The analysis of material flow during hot deformation made it possible to identify the most 
advantageous parameters in the processing windows [3 - 5]. Many scientists have been developing the 
processing maps in order to control and optimize the parameters of hot working processing for various kinds 
of metals and alloys [4 - 9]. The aim of present investigation was modeling the hot deformation behaviour of 
Ni55Cr45 alloy using constitutive equations and the processing map according Murty’s approach. The most 
advantageous parameters of the metal forming process determined by processing windows were applied for 
the simulation and verification of the rolling process conducted on the Ni55Cr45 alloy. The conditions 
established during numerical modelling were also applied to the industrial rolling tests. 

2. EXPERIMENTAL PROCEDURE 

The material used in this investigation was the Ni55Cr45 alloy. The chemical composition (wt%) of the alloy in 
this study is as follows: 44.00 Cr, 1.00 Fe, 0.05 Mn, 0.003 Mo, 0.01 N, 0.115 Si and Ni balance. The cylindrical 
compression samples of 12 mm height and 10 mm diameter were prepared from the as-received cast bar. The 
isothermal compression tests were carried out using a Gleeble 3800 thermo-simulator with deformation 
temperature of 750 - 1150 °C and the strain rate of 1 - 100 s-1. Based on the determined process parameters 
rolling technology was developed in the oval - oval - hexagonal system on a rolling mill with a cylinder diameter 
of 600 mm. It was assumed that the elongation factor (λ) in successive culverts would be about 1.1. In the first 
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instance segments with patterns were designed and then numerical calculations were made in the MES-based 
commercial program QForm. The most advantageous parameters of the rolling process determined by 
processing windows were applied for the simulation and verification of the rolling process in industrial 
conditions. For this purpose the forge rolling EUMUCO ECB 109 was used. The mill was installed at the 
workshop hall of tools factory „Kuźnia” S.A in Sułkowice. The rolling process was conducted in a machine 
group consisting of an electrical resistance furnace and also of a forge rolls. The following boundary conditions 
were assumed: workpiece temperature (1150 C), tool temperature (20 °C), the time of workpiece 
transportation to the forge rolls (2 s), the time of workpiece cooling in a die cavity before rolling (1 s). The 
workpiece dimensions were 36 mm x 160 mm. The samples for metallographic tests were cut from obtained 
forgings after the forge rolling process. 

3. RESULTS AND DISCUSSION 

3.1. Constitutive equation  

The constitutive equation for the describing of the deformation behaviour at elevated temperatures is generally 
expressed as follows [1, 2]: 

휀̇ =  퐴 푓(휎)푒푥푝 −            (1) 

where: 휀̇ - strain rate, Q - the deformation activation energy (kJmol-1), R - the universal gas constant (8.314 
Jmol-1K-1), T - deformation temperature (K), Ai - material constant, and f(σ) - the function of flow stress. The 
Zener-Hollomon parameter (so-called temperature-compensated strain rate) is calculated with the use of an 
exponent-type equation: 

Z = ε̇ exp = A f(σ)          (2) 

A relationship between the Zener-Hollomon parameter and flow stress [10 - 12] can be defined by the following 
constitutive equations: 

푍 = 퐴 ∙ 휎 = 1.006 ∙ 10 ∙ 휎 . , 훼휎 < 0.8       (3) 

푍 = 퐴 ∙ 푒푥 푝(훽 ∙ 휎) = 1.15 ∙ 10 ∙ 푒푥푝 (0.04632 ∙ 휎), 훼휎 > 1.2     (4) 

푍 = 퐴 ∙ [푠푖푛ℎ(훼 ∙ 휎)] = 5.95 ∙ 10 ∙ [푠푖푛ℎ(0.002129 ∙ 휎)] . , 푓표푟 푎푙푙 휎   (5) 

where: A1, A2, A3, α, , n1, n - materials constant, and 휎 = 휎 = 휎  - flow stress. Upon the basis of equations, 
the average values of the materials constants were determined from the ln σ, σ, ln(sinh(훼σ)) − lnε̇ relations 
(Figure 1) at constant true strain of 0.8: 

푛 = ̇ = 21.76152          (6) 

훽 = ̇ = 0.04632          (7) 

푛 = ̇
( ∙ )

= 15.92568         (8) 

where: α = = 0.002129          (9) 
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a)

 

b)

 
c)

 

d)

 

 e) 
Figure 1 Relations between strain rate, flow stress, temperatures and parameter Z of Ni55Cr45: a) ln σ − lnε̇, 

b) σ − lnε̇, c) ln(sinh(ασ)) − lnε̇, d) ln(sinh(훼σ)) −  푇 , e) ln(sinh(훼σ)) − 푙푛푍 

The peak stress of the studied Ni-Cr alloy maybe expressed as an equation [11, 12]  

휎= 1
α

ln Z
A

1
n + Z

A

2
n +1

1
2

=  
.

푙푛
. ∙

. +
. ∙

. + 1      (10) 
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where: parameter 푍 = 휀̇ ∙ 푒푥푝
∙

.         (11) 

3.2. Activation energy 

Activation energy for deformation Q provides valuable information about the fundamental deformation 
mechanism associated with microstructural evolution [11, 12]. The empirical value of activation energy Q can 
be expressed as:  

푄 = 푅 ∙ 푛 ∙ ( ∙ )

̇
= 580.12         (12) 

For the Ni55Cr45 alloy, the hyperbolic sin law was found to be an appropriate relation, which resulted in the 
value of 580.12 . 

3.3. Processing maps  

According to Murty’s approach [6 - 9], the expression of power dissipation efficiency  is provided by: 

휂 = = 2 1 −
̇ ∫ 휎 푑휀̇̇

         (13) 

The instability parameter based upon Murtys criterion could be expressed as: 

휉 = − 1 < 0           (14) 

The variation of the instability parameter with temperature and strain rate created the instability map, which 
can be superimposed on the power dissipation map to obtain the processing map [1]. 

a)

 

b)

 

c)

 

d)

 

Figure 2 The processing maps of Ni55cr45 alloy at different true strain of: a) 0.2, b) 0.4, c) 0.6, d) 0.8.  
The shaded areas indicate the flow instability. Contour numbers represent percent efficiency 

of power dissipation. 

The efficiency of power dissipation  and the instability parameter  is calculated for  = 0.2, 0.4, 0.6, 0.8 at 
different values of strain rate ε̇ and temperature T. Figure 2 present the complex processing maps. For true 
strain of 0.8 (Figure 2d) in the processing map, three processing windows were differentiated and the two 
areas of instability. The preferred processing windows include significant parameters of the process. 
Processing window 1 is characterized by the following parameters:  = 20 - 32%, T = 910 - 1030 oC, ε ̇= 1 - 
1.6 s-1. The next processing window presents the following parameters:  = 20 - 46%, T = 1070 - 1150 oC, ε ̇= 
1 - 2 s-1. That window offers the high level of process efficiency. Processing window 3 includes parameters:  
= 20 - 34%, T = 1080 - 1150 oC, ε ̇= 45 - 100 s-1. The area of instability of material flow I is situated at the 
temperature of 750 - 800 oC for strain rate 1.8 - 25 s-1. Area instability II includes an extensive surface of non-
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asymmetrical shape and the following parameters: T = 860 - 1150 oC, ε ̇= 1.6 - 100 s-1. The maps presented 
in Figures 2a, b, c for true strain of 0.6, 0.4 and 0.2 differ one from another in terms of the size of the „safe“ 
and „unsafe“ areas. Processing windows: 1, 2 for  = 0.6 undergo the substantial differentiation of the 
significant parameters of the process, which means: 1 = 20 - 30%, T1 = 900 - 1010 oC, ε ̇1= 1 - 1.3 s-1, 2 = 20 
- 34%, T2 = 1070 - 1150 oC, ε ̇2 = 1 - 3.1 s-1. The processing window 3 was eliminated as a result of increase 
in the instability area. In the case of true strain of 0.4, on the processing maps was differentiated only one 
processing window, having the following parameters: 1 = 20 - 30%, T1 = 1025 - 1150 oC, ε ̇1= 1 - 2 s-1. On the 
processing map for intermediary true strain of 0.2, we distinguish one processing window. The window 
underwent decrease and having the following parameters: 1 = 18 - 30%, T1 = 1125 - 1150 oC, ε ̇1= 1 - 4 s-1. 
On the processing map for the true strain of 0.6, 0.4 and 0.2 (Figures 2a, b and c), there remain one area of 
instability formed from the combination of the two occurring in the case of the true strain of 0.8. The instability 
areas ought to be avoided whilst conducting the metal forming processes. 

3.4. Validation of processing maps 

In Figure 3, the results of numerical simulation and also of rolling in industrial condition were presented.  

a)

 

b) 

 
Figure 3 The results of forged bars in the oval - oval - hexagonal system: a) the numerical sumulation,  

b) the industrial forge rolling process (The workpiece after the initial heat treatment.) 

Measurements of the hexagonal bars revealed that their geometrical dimensions remained consistent with the 
results of the computer simulation and that the maximum deviation from the assumed linear dimensions was 
in the range 2.7 ÷ 6.1%. The Figure 4 shows the microstructure of the forgings material (hexagonal rod) 
immediately after the deformation process. 

The large dispersions likely to be carbonitrides or dispersions from the technological process were observed 
in the microstructure. The alloy matrix was γ (Ni1-yCry). 
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edge of cross section middle of cross section 

Figure 4 Microstructure of the Ni55Cr45 alloy (hexagonal bar) after the forge rolling process [13] 

4. CONCLUSION 

The hot deformation behaviour of Ni55Cr45 alloy was studied through constitutive analysis considering the 
effect of deformation parameters. Isothermal compression test were conducted on Gleeble 3800 
thermomechanical simulator to predict the hot deformation behaviour. The relation between stress and Zener-
Hollomon parameter was analyzed via the hyperbolic sine function. Therefore, the value of activation energy 
and the materials constants ware determined. The processing maps were constructed by superimposition of 
the power dissipation and the instability maps. The appropriate processing parameters for hot deformation 
were established. The processing window 2 was successfully applied in the rolling process.  
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Abstract  

Indefinite chill cast iron rolls are commonly used in the finishing stands in hot strip rolling mills. Due to 
characteristic rolling conditions in these stands and due to a hypoeutectic ledeburitic microstructure with 
graphite inclusions in the working layer, the mechanism of thermo-mechanical wear is different from earlier 
stands. Some research has been done on thermal fatigue crack formation and propagation in various alloys 
used for working layers in rolls. This research focuses on the impact of formation and propagation of extremely 
long cracks in some enhanced grades along with possible influence of the amount of added special carbide 
forming elements in these grades. These long cracks propagate from the surface of the roll inwards and may 
lead to bigger problems during rolling campaigns when not dealt with properly. Previous work also suggests 
that the ledeburitic network microstructure is indicative of the formation of thermal fatigue cracking on the 
surface of the roll. We analyzed the as-is microstructure of the roll’s surface after a campaign using silicon 
replicas to assess the crack mesh created on the surface during rolling. The results of this work highlight the 
combined influence of microstructure and thermo-mechanical fatigue in work roll degradation.  

Keywords: Indefinite chill cast iron, work rolls, thermal fatigue, crack propagation, roll surface degradation 

1. INTRODUCTION 

Rolling conditions on the rear finishing stands in continuous or semi continuous hot strip mills are more severe 
in comparison to front and roughing stands. Rolling speed on the presented area is increased to maximum 
due to the final plastic deformation of the rolled metal and temperature of the strip is lower in comparison to 
earlier stands. This conditions are the cause of the high thermo-mechanical load present on the work roll’s 
surface. Taking into the account also the final quality of the rolled metal, work rolls material is obliged to have 
perfect anti-sticking properties too. The mottled hypoeutectic Ni-hard material combining white cast iron 
microstructure along with free graphite flakes enables good anti-sticking properties despite the decrease in 
wear resistance due to the softer graphite phase [1]. To provide sufficient lubrication for lowering friction and 
to stop the thermal fatigue crack propagation, nodular shape of graphite is essential. Besides graphite phase, 
ICDP or Ni-hard microstructure consist of a high cementite ratio (more than 30 %), mainly in the form of 
ledeburite with a matrix consisted of bainite and martensite [2]. Due to a relatively low hardness of the 
cementite, modification of standard ICDP roll grade is performed in order to increase wear resistance during 
hot rolling process in the finishing stands. 

To increase the service life of the work rolls is becoming a more and more demanding task for every roll 
producer. Several authors concluded in their studies that modification of the ICDP roll grade, using the special 
carbide forming elements (SCFE), such as tungsten, titanium, vanadium and niobium, enables precipitation of 
eutectic MC-type carbides inside the matrix [3, 4, 5]. This type of carbides are known for their hardness, small 
size and dispersed distribution. Two different technologies of adding SCFE into the standard ICDP alloy exist: 
the first method is based on addition of existing carbides directly into the melt and the second method is based 
on alloying. A sufficient amount of SCFE results in a eutectic reaction where eutectic MC-type carbides are 
precipitated from the melt. With adjusting melt inoculation, a more nodular graphite form is achieved. Unlike 
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the interdendritic graphite phase, found in standard ICDP, nodular shape of graphite precipitated in modified 
ICDP reduces and stops the crack propagation. 

During the rolling process, work rolls are thermo-mechanically loaded. Thermal loadings on the work rolls result 
in rapid heat transfer from the preheated rolled metal to the work roll surface layer material. A small thermal 
stress field may also appear in the area between the work and the back-up roll due to friction. Schröder [6] 
studied the heat transfer from the rolled metal to the work roll. Results show that the temperatures of work rolls 
vary from 600 °C to 100 °C during one revolution of the roll. The highest temperature represents the moment 
when the work roll is in contact with the rolled metal, while the lowest one is valid to the roll cooling area. 
Belzunce et al. [7] concluded that with the quick change of temperature during the rolling process, small fire 
cracks can appear on the work roll surface. In connection with mechanical loadings, especially in the contact 
area between the work and the back-up roll, the appearance of fire cracks could lead to roll surface degradation 
[8]. Different types of failures can be observed on work rolls during their exploitation. A comprehensive 
investigation among them is published in [9]. All work roll failures have different kinds of origins related either 
to roll manufacturer or specific conditions in the rolling mill. 

2. EXPERIMENTAL TESTING 

Standard and modified ICDP work roll surface layer materials were used for experimental investigation. 
The difference between them is in the content of different carbide forming alloying elements. 
Chemical composition of the analyzed material was measured using a spark ignition spectrometer from the 
producer Spectrolab. Mean results are presented in Table 1. The standard ICDP grade is labelled CIN and 
the alloy labeled CINA represent the modified ICDP grade with SCFE ratio above 1 wt. %. 

Table 1 Chemical composition of the investigated ICDP materials 

Roll Grade 
Element wt. % 

C Si Cr Ni V + Nb + Ti + W Fe 

CIN 2.8 - 3.4 0.80 - 1.6 1.75 4.46 0 Bal. 

CINA 2.8 - 3.4 0.80 - 1.6 1.58 4.37 > 1 Bal. 

All specimens that were needed for present investigation were cut out from the roll shell segment after heat 
treatment by using the abrasive water blast technology, in order to prevent the formation of heat affected zones 
because of friction upon cutting. 

Metallographic analysis was performed on cross sectional samples throughout the entire working layer 
material. Specimens were prepared with a standard metallographic procedure of grinding and polishing. A 2 % 
Nital was used to etch the samples in order to reveal the microstructure. Samples were finally inspected by 
using an Olympus BX51M optical microscope, equipped with an Olympus DP-12 camera. For evaluation of 
the microstructure a JMicroVision v.1.2.7 software was used. 

To investigate the thermal fatigue cracking phenomenon of the work roll surface layer material, 
a thermo - mechanical simulator Gleeble 1500D was used [10]. Tests were performed at 1000 cycles in the 
temperature range between room temperature and 600 °C. Each cycle was composed of five phases: 
resistance heating up to 600 °C (2 s), holding on the prescribed temperature (0.2 s), water cooling (0.5 s), air 
cooling (0.5 s) and emptying the specimen by using air pressure (0.2 s). The performed thermal fatigue cycle 
was created in order to simulate specific conditions that the surface layer of the work roll is subjected during 
the hot rolling process. 

To compare the results from the experiment with the real surface of the roll after the exploitation, a case study 
of work roll spalling was performed. 
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3. RESULTS AND DISCUSSION 

3.1. Metallographic analysis 

Figure 1 shows optical microphotographs of standard ICDP (a, b) and modified ICDP (c, d) roll grade. It is 
evident that nodular type graphite flakes are precipitated in the modified ICDP material (form V to VI acc. to 
ISO 945-1-2009). In the case of standard ICDP roll grade, a chunkier type of graphite could be detected (form 
IV acc. to ISO 945-1-2009). Both matrix microstructures consist of bainite and martensite. 

 

Figure 1 Comparison between microstructures; a), b) standard ICDP - CIN, 40 mm in depth of the specimen; 
c), d) modified ICDP - CINA, 40 mm in depth of the specimen 

We can observe that by the alloying the standard ICDP roll grade with SCFE, graphite ratio decreases in favor 
of cementite formation. With the quantitative metallographic analysis of both specimens, we can prove this 
assumption, see Table 2. 

Table 2 Quantitative metallographic analysis of the both specimens 

Roll Grade 
Graphite ratio % Carbide ratio % 

Edge 40 mm Edge 40 mm 

CIN 1.23 2.35 30 26 

CINA 0.94 1.22 31 29 

Values from the Table 2 show that graphite ratio increases in the way from outer edge toward the center while 
carbide ratio in the same direction decreases. Such results are expected for both ICDP roll grades. 
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3.2. Thermal fatigue inspection 

Thermal fatigue cracks appear on the entire investigated surface area of the specimen and propagate 
perpendicularly inside the specimen. Carbides and graphite appear to be the main source of crack initiation. 
Carbides present a different temperature expansion coefficient and lower ductility in comparison to the matrix 
material. They have a poor response to tensile stresses generated during continuous heating and cooling of 
the roll or the specimen surface area. Unlike carbides, graphite is significantly softer than the base material 
and can cause a large notch effect if its morphology is not nodular. This may be the reason why some cracks 
initiate inside the material as opposed to the surface. Figure 2 depicts fatigue cracks propagated during testing 
in both analyzed grades. 

 

Figure 2 Optical microphotographs of cracks formed during thermal fatigue investigation; a), b) standard 
ICDP - CIN; c), d) modified ICDP - CINA 

Results of the thermal fatigue investigation shows that cracks propagate mainly through ledeburite, mostly 
along the carbide-matrix boundaries. These cracks are transcrystalline in origin although in some rare cases 
intercrystalline cracks were also visible along grain boundaries. Sometimes crack propagation is halted when 
the crack reaches a graphite flake or nodule. This is more pronounced when nodular graphite is present in the 
matrix. If the shape of graphite is chunky or unidirectionally oriented, cracks may propagate alongside the 
graphite flake and continuously grow inside the material and can also easily change the direction. 

Characteristics of the crack for both investigated materials is presented in Table 3. An improvement regarding 
thermal fatigue resistance is visible for the modified ICDP - CINA roll grade. In comparison to the standard 
ICDP - CIN material, modified ICDP shows the reduction of the total number and density of cracks. We can 
assume that with the alloying the melt with SCFE material matrix is enhanced and can withstand crack initiation 
and later also propagation. 
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Table 3 Characteristics of the crack for the CIN and CINA roll grade 

Specimen CIN CINA 

Number of cracks 210 143 

Average length (μm) 88 145 

Max. length (μm) 685 905 

Total length (μm) 18490 20766 

Crack density (n/mm) 7.5 5.1 

Despite the reduced number and density of cracks, modified ICDP - CINA shows the highest number of 
extremely long cracks (longer than 500 μm). This could be the result of a lower graphite ratio in comparison to 
the standard ICDP - CIN roll grade. Formation of these long cracks during the rolling process cause a higher 
grind rate in the roll shop and consequently the loss of roll efficiency measured in tons rolled per millimeter of 
the working layer t/mm. If the roll is not properly prepared before the installation in the rolling stand, these long 
cracks can easily propagate inside the roll and may cause spalling. Mentioned properties of the CINA roll grade 
can make a roll more sensitive and require the roll shop manager to completely remove the cracks from the 
surface. What is more, if the rolling mill is not technically improved in terms of cooling, entry dimensions, speed 
and controlled temperature of the rolled metal then the enhanced ICDP material should not be used because 
of extremely long cracks phenomenon. 

4. CASE STUDY 

As it was already mentioned, CINA roll grade is more sensitive and with the improper rolling conditions on the 
rolling mill can quickly get spalled. Figure 3a, presents the silicon replica of the surface layer of the work roll. 
We can observe a network of the cracks presented on the surface of the roll. These cracks are so small that 
they cannot be detected by penetrant test, magneto-flux or eddy-current EC. That is the reason that the roll 
must be grinded properly to remove the cracks from the surface. 

 

Figure 3 Analyses of CINA work roll surface; a) a silicon replica of the CINA roll surface after exploitation; 
b) appearance of the cat’s tongue on the spalled surface of the CINA work roll. 

If the crack is not removed from the surface and that kind of roll continuously operates in rolling mill, it can 
happen that that the roll will spall due to the high contact stresses, see Figure 3b. In the first stage a crack is 
presented or newly formed in an area of local overload, at or near barrel surface. Such a crack is usually 
oriented parallel to the roll axis. In the next phase a fatigue cat’s tongue like fracture band propagates 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

413 

progressively in a circumferential direction. The direction of propagation is opposite to the roll rotation. 
Propagation develops within the working surface of the roll, gradually increasing in depth and width followed 
by a large surface spall normally on the bonding area between the working layer and the core of the roll [10]. 

5. CONCLUSION 

Thermal crack propagation during hot rolling and its influence on cast iron work roll degradation is presented 
in this paper. Experimental results show that with the addition of the special carbide forming elements SCFE 
number and density of cracks decreases. On the other hand, it is visible that the number of extremely long 
cracks increases in the case of modified ICDP - CINA material. Higher SCFE addition inhibits graphitization in 
favor of the cementite phase. Free graphite flakes, commonly interdendritic, can be seen in standard 
ICDP -  CIN roll material, while graphite in modified ICDP - CINA roll grade is more nodular. Sometimes crack 
propagation is halted when the crack reaches a graphite flake or nodule. This is more pronounced when 
nodular graphite is present in the matrix. If the shape of graphite is chunky or unidirectionally oriented, cracks 
may propagate alongside the graphite flake and continuously grow inside the material. 

Presented study is comparable to the results of service life of rolls from different rolling mills. Case study shows 
that if the rolling mill is not technically improved and workers at roll shops do not grind the roll surface properly 
than modified ICDP - CINA material can get easily spalled. In this case, standard ICDP - CIN material is more 
suitable due to its high graphite ratio and robust properties. 
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Abstract 

The influence of two variants of initial soaking at 1120 °C / 2 h and 1180 °C / 2 h and parameters of hot plastic 
working on the deformability of an IN 718 type superalloy have been presented. The hot deformation 
characteristics of alloy were investigated by hot torsion tests. The tests were executed at constant strain rates 
of 0.1 s-1 and 1.0 s-1, and testing temperature in the range of 900 °C to 1150 °C. Plastic properties of the alloy 
were characterized by worked out flow curves and the temperature relationships of maximum flow stress (σpp) 
and strain limit (εf). The relationship between the maximum flow stress and the Zener-Hollomon parameter (Z) 
was described by σpp = A · Zn power function. Activation energy for hot working (Q) was assessed for the alloy 
after two variants of initial soaking, i.e. 1120 °C / 2 h and 1180 °C / 2 h and amounted - respectively - 478 
kJ/mol and 628 kJ/mol. 

Keywords: IN 718 superalloy, hot deformation, plastic properties, Zener-Holomon parameter, activation  
         energy for hot working  

1. INTRODUCTION 

The behaviour of metals and alloys during hot plastic working has a complex nature and it varies with the 
changing of such process parameters as [1-5]: deformation, strain rate and temperature. The high-temperature 
plastic deformation is coupled with dynamic recovery and recrystallization processes which influencing the 
structure and properties of alloys. One of crucial issues is finding the relationship between the hot plastic 
deformation process parameters, microstructure and properties for steels and nickel alloys. 

The Ni-Fe superalloys precipitation hardened by intermetallic phases of γ′-Ni3(Al,Ti) and γ" (Ni3Nb) types are  
difficult to deform and are characterized by high values of flow stress at a high temperature. High deformation 
resistance of Ni-Fe alloys is caused by a complex phase composition, high activation energy for hot working 
and a low rate of dynamic recrystallization. When choosing the conditions for hot plastic working of Ni-Fe 
alloys, the following factors should be considered [6-10]: the matrix grain size, plastic deformation parameters 
and the course of the recrystallization process. The grain size is particular importance. Grain refining leads to 
an increased rate of recovery and dynamic recrystallization and to a smaller diameter of recrystallized grains. 
This is important, for the grain refinement in a Ni-Fe superalloys has an advantageous influence on increasing 
their yield point and fatigue strength [11, 12]. 

In the presented study, research has been undertaken on the influence of two variants of initial soaking and 
the parameters of hot plastic working on the characteristics of deformability in a Ni-Fe superalloy.  

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

The examinations were performed on rolled bars, 16 mm in diameter, of an IN 718 type superalloy.  
The chemical composition is given in Table 1. 
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Table 1 Chemical composition of the investigated Ni-Fe superalloy 

Content of an element (wt. %) 

C Si Mn P S Cr Ni Mo Co Al Cu Nb Ti B Fe 

0.04 0.16 0.08 0.007 0.002 18.5 52.1 3.05 0.24 0.54 0.03 4.89 0.91 0.001 19.45 

The samples for investigations were made from rolled bars sections which were subjected to preheating, i.e. 
1120 °C / 2 h and 1180 °C / 2 h with subsequent cooling in water. Heat treatment of this type corresponds to 
the soaking parameters of the investigated superalloy before hot plastic processing [13-15]. 

The research on the alloy deformability was performed in a hot torsion test on a Setaram torsion plastometer 
7 MNG. The plastometric tests were performed every 50 °C in a temperature range of 900-1150 °C, with  
a constant holding time of 10 min at the defined temperature. Solid cylindrical specimens (Ø 6.0 × 50 mm) 
were twisted at a rotational speed of 50 and 500 rpm, which corresponds to the strain rate of 0.1 and 1.0 s-1, 
respectively. To freeze the structure, the specimens after deformation until failure were cooled in water. 

From the data recorded, dependencies were determined of the flow stress (σp) as a function of substitute strain 
(ε), according to the methodology presented in papers [16-18]. On the flow curves determined, the following 
parameters characterizing plastic properties of the alloy in the torsion test were defined: 

• σpp - maximum flow stress on the flow curve; 
• εp - deformation corresponding to the maximum flow stress; 
• σf - stress at which the sample is subject to failure; 
• εf - deformation at which the sample is subject to failure, the so-called strain limit. 

Relations between the flow stress and alloy deformation, and the deformation conditions were described using 
the Zener-Hollomon parameter Z [19, 20]: 

  nppA
TR

QZ  








 sinhexp  (1) 

where:   - strain rate, Q - activation energy for hot working, R - molar gas constant, T - temperature, and A, 
α, n - constants depending on grade of the investigated material. 

The activation energy for hot working Q was determined in accordance with the procedure specified in the 
work by Schindler and Bořuta [16]. The solution algorithm consisted in transforming Eq. (1) to the form: 

 nppRT
QA )sinh(exp  





   (2) 

Further procedure was based on solving Eq. (2) by a graphic method with using the regression analysis. 

3. RESULTS AND DISCUSSION 

After solution heat treatment at 1120 °C / 2 h / w., in the alloy microstructure presence was found of twinned 
gamma matrix with medium-size grain (Ā = 6920 μm2) with a small amount of insoluble particles (Figure 1a). 
The increasing parameters of the solution heat treatment to 1180 °C / 2 h / w. resulted in an increase of the 
matrix grain (Ā = 15830 μm2) and a reduction in the quantity of undissolved primary particles (Figure 1b). 

The plastometric investigations, in the form of the calculated alloy flow curves at temperatures of  
900-1150 °C for two options of initial soaking are shown in Figure 2 and Figure 3. The results obtained for the 
option of initial soaking at 1100 °C / 2 h and strain rate 0.1 s-1 showed a single peak in the flow stress-strain 
curves, and indicated that a recovery and dynamic recrystallization took place during the hot deformation 
(Figure 2). High deformability values were obtained for the alloy in a wide range of torsion temperatures, i.e. 
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1000-1100°C. An increase of strain rate to 1.0 s-1 results in a significant increase of flow stress values and a 
distinct decrease of the alloy deformability at all temperatures analysed. This phenomenon can be explained 
by a higher speed of the alloy strengthening and too slow removal of the strengthening as a result of dynamic 
recovery and recrystallization. 

a) 

 

b) 

 

Figure 1 Diversified microstructure of the Ni-Fe alloy after initial solution heat treatment at:  
a) 1120°C /2h /w. (Ā = 6920 μm2); b) 1180 °C / 2 h / w. (Ā = 15830 μm2) 

 

Figure 2 The effect of torsion temperature on the flow stress and deformability of the Ni-Fe alloy  
after initial soaking at 1120 °C / 2 h. Strain rate: 0.1 s-1 and 1.0 s-1 

An increase of the initial soaking temperature to 1180 °C / 2 h significantly reduces the alloy deformability for 
the two strain rates, both at low and high deformation temperatures (Figure 3). In this case, fairly high 
deformability values were obtained for the alloy in a higher range of torsion temperatures, i.e. 1050-1150 °C. 
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Such behaviour of the alloy may be explained by a larger growth of matrix grains at this soaking temperature 
and, consequently, lower recovery and dynamic recrystallization rates.  

The values determined for the maximum flow stress σpp and strain limit εf depending on the temperature and 
strain rate are presented in Figure 4 and Figure 5.  

For the option of initial soaking at 1120 °C /2 h and strain rate of 0.1 s-1, the alloy under discussion shows  
a continuous drop of σpp from values 514 MPa at a temperature of 900 °C to the value of 113 MPa  
at 1150 °C (Figure 4a). The strain limit εf rises initially together with the torsion temperature, reaching the 
maximum of 3.25 / 2.91 at 1050-1100 °C, and then falls (Figure 5a). An increase of the strain rate to 1.0 s-1 
results in an increase of σpp to maximum values of 636 MPa at the temperature of 900 °C (Figure 4a) and  
a decrease of the strain limit to the maximum of 1.23 / 1.43 at 1050-1100 °C (Figure 5a). 

 

Figure 3 The effect of torsion temperature on the flow stress and deformability of the Ni-Fe alloy  
after initial soaking at 1180 °C / 2 h. Strain rate: 0.1 s-1 and 1.0 s-1 

  

Figure 4 The effect of deformation conditions on maximum flow stress of the Ni-Fe alloy. Initial alloy soaking: 
a) 1120 °C / 2 h, b) 1180 °C / 2 h 
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Figure 5 The effect of deformation conditions on strain limit of the Ni-Fe alloy. Initial alloy soaking: 
a) 1120 °C / 2 h, b) 1180 °C / 2 h 

An increase of the alloy initial soaking temperature to 1180 °C / 2 h at a strain rate of 0.1 s-1 results in a small 
decrease of σpp to maximum values of 470 MPa at 900 °C (Figure 4b) and slight decrease of εf to the maximum 
of 2.65 / 2.59 in the range of 1050-1100 °C (Figure 5b). An increase of the torsion speed to 1.0 s-1 results in 
further increase of the σpp value to maximum values of 548 MPa at 900 °C (Figure 4b), and decrease of εf to 
the maximum values of 1.35 / 1.28 at the temperature of 1050-1100 °C (Figure 5b). 

The activation energy for hot working Q was calculated by the means of a computer programme  
Energy 3.0 [16]. The activation energy, Q, for hot working of the Ni-Fe alloy depends on the temperature of 
initial soaking and equals as follows:  

 Q = 478.6 kJ/mol - for initial alloy soaking 1120 °C / 2 h; 
 Q = 628.0 kJ/mol - for initial alloy soaking 1180 °C / 2 h.  

The higher value of the activation energy Q for hot working of the alloy after initial soaking  
at 1180 °C / 2 h can be justified by larger growth of the initial matrix grain and higher degree of matrix saturation 
with alloying elements.  

 
Figure 6 Dependence of the maximum flow stress on the Zener-Hollomon parameter Z. Initial alloy soaking:  

1120 °C / 2 h and 1180 °C / 2 h 

The dependencies between maximum flow stress σpp and Zener-Hollomon Z parameter are presented in 
Figure 6. For both options of initial soaking, a power dependence (R2 = 0.98) of the alloy flow stress was 
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obtained as a function of the Z parameter. So determined function dependencies between the maximum flow 
stress σpp and the Z parameter had a form of power function (Eq. (3) and (4)): 

 for the alloy after initial soaking 1120 °C / 2 h: 
 pp = 0.35·Z 0.155 MPa, (3) 
 for the alloy after initial soaking 1180 °C / 2 h: 
 pp = 0.61·Z 0.107 MPa. (4) 

4. CONCLUSION 

The flow curves of the investigated Ni-Fe superalloy in the temperature range of 900-1150 °C at a strain rate 
of 0.1 s-1 and 1.0 s-1 have a shape characteristic of a material in which dynamic recovery and recrystallization 
processes took place. Indexes of plastic properties of the alloy during hot plastic deformation depend 
significantly on the temperature of initial soaking and torsion parameters.  

The best combination of the maximum flow stress (σpp) and strain limit (εf) was obtained for an alloy after initial 
soaking at 1120 °C / 2 h and a strain rate of 0.1 s-1 in the temperature range of 1050-1100 °C. The use of a 
higher initial soaking temperature 1180 °C / 2 h, and strain rate of 1.0 s-1 is not recommended due to problems 
in the recovery and dynamic recrystallization processes, and decrease of the alloy plasticity. 

For both variants of initial soaking was found a significant influence of the deformation parameters on the 
maximum flow stress of the alloy. The dependence between the maximum flow stress (σpp) and the Zener-
Hollomon parameter (Z) was described with a power function in the following form: σpp = A·Zn.  

The tested superalloy has a high activation energy of the hot working Q, with the energy value depending on 
the conditions of initial soaking. For the alloy after initial soaking at 1120 °C / 2 h, the estimated activation 
energy in the range of applied deformation parameters was Q = 478 kJ/mol. In the case of alloy deformation 
after initial soaking at 1180 °C / 2 h, the activation energy was higher and equal Q = 628 kJ/mol. 
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Abstract 

The paper deals with comparison of forging technology and selected forming factors on structure of the steel 
EN X160CrMoV 12 1.Steel under investigation is a high-alloyed Cr-Mo-V tool steel for exploitation both in hot 
and cold conditions. The steel is characterizsed by difficult formability and high resistance to deformation in 
the whole range of the forging temperatures. The authors compare the structure of forged rods with a diameter 
of 250 mm, which were forged on the radial forging machines with second one forged on hydraulic press CKW 
1600. 

Keywords: Open die forging, radial forging, structure, steel EN X160CrMoV12 1 

1. INTRODUCTION 

Forged bars are still most used semi-product in the industry. Tool steels, in comparison with the structural 
steels, require at forging of longitudinal forged pieces higher degree of forging than it is expressed by the well 
known equation: 

3 KPAPK nn            (1) 

The degree of forging higher than 3 ensures that in the ingot the internal discontinuities were already closed 
and the cast structure was completely destroyed. In case of the tool steels is, however, required to achieve a 
refinement of carbides, which requires even higher degree of forging than three. In addition to a higher degree 
of forging it is necessary to ensure the structural homogenity of these steels in order to reduce anisotropy of 
mechanical properties. The level of the obtained properties in tool steels and their scatter depend on variations 
in the content of the main alloying elements in individual heats, on the degree of forging and also on the size 
of blanks with cast structure. Quality of the blanks depends on the suitable metallurgical treatment and on the 
level of the steelmaking technology (e.g. secondary metallurgy refining and alloying, vacuum casting, etc.) 

2. STRUCTURE OF AS-CAST TOOL STEELS 

Carbides of tool steels can be from the viewpoint of their formation divided into primary (carbidic structures 
crystallising from the melt) and secondary (carbides forming from the solid phase). The primary carbides 
segregate from the liquid phase. They create usually a complex structural system: 

a) complex carbide of the MC type. Tungsten is usually the main element. The carbide may have different 
chemical composition, which depends on the amount of alloying elements and the conditions of 
solidification. 

b) complex carbide M2C occurs in the high alloyed tool steels with higher Mo contents. Its distribution in 
the structure is heterogeneous. The clusters may still contain the carbides of the MC type, e.g. the 
carbide VC is formed in the steels alloyed with vanadium. 

The secondary carbides are segregated from austenite in the following modifications: complex carbides of the 
type M23C6, where also other carbide-forming elements are formed apart from the prevailing share of Fe and 
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Cr [1]. In the steels alloyed by high content of Czech Republic they have an approximate composition 
Fe15Cr8C6. Complex carbide of the type M3C, in which Fe is also one of the main component. The carbide 
segregates mostly during transformation of austenite to martensite. The last type is the carbide MC, which is 
usually segregated in primary carbides or which is created by disintegration of the complex carbide M23C6. 
This carbide has also different chemical composition and its existence is related to the temperature, cooling 
rate and the amount of vanadium in steels. Composition of individual carbides and conditions of their formation 
are a function of time, temperature and concentration carbide-forming elements. It means that existence of 
different types of carbides and conditions of their formation in single variant of chemical composition of the 
steel are quite variable. We therefore cannot expect that the given type of steel will always have carbides with 
exactly the same chemical composition. 

3. FORMABILITY OF TOOL STEELS  

Tool steels belong to the steels with reduced plasticity (formability). Deterioration of formability is linked to the 
segregation of brittle eutectic phase along the grain boundaries, especially in steels in the as-cast state. The 
formability increases during the forging with the increasing degree of destruction of eutectic mesh. The 
formability of the tool steels decreases with the increasing degree of alloying. The formability decreases in the 
tool steels at the places of segregation, containing higher amount of carbon, due to decrease of the melting 
temperature. These factors influencing the formability of high alloyed steels are a function of the following 
physico-chemical factors: the type of crystalline structure, purity of grain boundaries, inter-atomic forces in the 
crystal, structural construction, the temperature factor [2]. The above mentioned factors are dependent on the 
strain rate, magnitude of deformation, unevenness of deformation. 

One of the decisive factors influencing the resistance to deformation and formability is the state of stress 
influencing the conditions of forging. The highest formability is achieved at the state of compressive stress with 
exclusion of tensile stresses, which are the main cause of failure of the forged piece at forming. The stress 
state during forging is a result of a complex effect of stress from burdening forces and from additional stresses 
induced by an external friction and by uneven deformation [3]. The stress state during free forging can be 
expressed in different ways, e.g, with use of the mean indicator of the stress state vs: 

 31

321
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p

s
sv                                                                                 (2) 

where 1, 2, 3  are the main stresses, s  is an octahedral stress and p  is resistance to deformation of the 
forged steel. 

The marginal formability increases with the decreasing value vs. The highest formability is achieved when the 
relationship: 1 = 2 is valid. At forging on the flat anvils the main stress acts in the direction of the main 
principal changes of the shape. The compressive stress h in the direction of the decreasing height: 

sz

k
h bl

F


                                                                                    (3) 

where Fk is the forging force [N],  lz    is the length of action [mm], bs is the mean width of the elongated bar 
[mm]. 

The stress l acts in longitudinal direction (in the direction of elongation) : 
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where  is a friction coefficient and ho  is the height of the elongated bar. 

The following relation is used for calculation of the stress in the direction of the width: 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

423 







 

h
b

pb  5,0            (5) 

If the spreading is limited by the shape of anvil (e.g. at elongation on the machines GFM), it is then possible 
to use for forging of round bars the following relation: 

dl
F

z

b
b 
             (6) 

where Fb is the forging force in the direction of the width of the forged piece [N], d is the diameter of the forged 
piece [mm]. 

At elongation in industrial conditions of forging; shops the rate s/p may vary within the interval from 
+ 0.5 to -2, i.e. from the prevailing tensile state to a distinctive compressive state of stress.  

4. EFFECTS AT FORGING OF THE STEEL EN X160CrMoV12 1 

Our next investigation was focused on the steel EN X160CrMoV12 1. Chemical composition of the steel grade 
EN X160CrMoV12 1 is shown in Table 1. 

Table 1 Chemical composition of the steel EN X160CrMoV12 1 in wt. %  

Steel grade C Mn Si Cr Mo V P S 

X160CrMoV12 1 1.42 0.40 0.25 11.70 0.50 0.25 0.015 0.018 

During forming surface and internal defects are being formed for two main causes. The defects can be 
transferred to the forged piece from the ingot, or the defects arise at forging as a result of unsatisfactory state 
of stress and uneven deformation [4]. Plastic deformation during forging is always uneven. The causes of 
uneven deformation can be divided into internal and external. 

Internal causes comprise heterogeneity of the chemical composition, diverse orientation of crystals, defects in 
crystalline structure, existence of foreign impurities in the basic matrix. Furthermore, it is an uneven 
temperature of the forged steel when the middle, or surface layers may have considerably different 
temperature. 

External factors causing uneven deformation may comprise contact friction or low external energy of 
deformation, which, together with high resistance to deformation of steel causes the fact that penetration of 
deformation affects only the surface areas. 

In the central parts of the formed piece are for this reason generated large tensile stresses [5]. Tensile stresses 
are the most common initiators of defects, especially at forming of the cast structure. Uneven deformation 
during forging depends significantly on the geometric shape of the deformation zone. 

At elongation with use of straight anvils (elongation on ordinary forging presses), the magnitude of uneven 
deformation is the function of: the relative length of the stroke (lz/ho), relative reduction h/ho and the shape 
indicator of the cross-section (bo/ho). Elongation by small relative length of stroke achieves the maximal 
intensity of elongation and the number of passes is minimal. 

On the other hand, in the case of small relative stroke the number of working strokes increases. The optimum 
performance is achieved at lz /ho = 0.5. That's why at forging of large ingots, which cannot be rammed, it is 
appropriate to use lz/ho = 0.5 to 1. 

The chosen value lz/ho determines formability of the steel [6]. It proved good at forging of large ingots to cant 
only when the ratio bi/hi = 1.8 to 2 was achieved. The axial part is forged the best on the low flattened piece. 
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This procedure cannot be recommended for forging of steels with reduced formability. After canting the 
flattened piece is forged upright and tensile stresses develop on the lateral surface. 

Elongation by shaped anvils is advantageous particularly for the forged pieces of circular section with reduced 
formability. During forging in the zone of deformation the compressive stresses prevail. 

5. INFLUENCE OF THE TOOLS' SHAPE ON EVOLUTION OF STEEL STRUCTURE  

An analysis of the structure of the forged bars on the press CKW 1600 and on the radial forging machine was 
performed. It concerned assessment of the microstructure, micro-purity, grain size, presence of porosity, 
cracks and inclusions. The bars were forged from the ingots K21 to approximately the same diameter. The 
degree of forging calculated with use of the equation (1) reached the value of 3.5 [7]. 

Microstructure was assessed (see Figures 1, 2) in the selected areas of the cross section, i.e. in the sub-
surface areas and at the distance of 0.25 D and 0.5 D of the bar diameter, as well as the overall distribution of 
primary carbides in the structure (Figure 3). 

 
     a)            b) 
Figure 1 Structure of the steel EN X160CrMoV12 1 after forging on the radial forging machine: a) subsurface 

area, b) distance 0.25 D from the surface (ingot K21, bar diameter 250 mm, degree of forging 3.5) 

 
a)       b) 

Figure 2 Structure of the steel EN X160CrMoV12 1 after forging on the: a) radial forging machine, b) press 
CKW 1600 (degree of forging 3.5, ingot K21, bar diameter 250 mm, distance 0. 5 D from the surface) 
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                                        a)        b)                                         

Figure 3 Distribution of carbides along the cross-section of the bar after forging: a) on the radial forging 
machine; b) on the press CKW 1600 

6. SUMMARY AND DISCUSSION OF THE ACHIEVED RESULTS 

Structural homogeneity along cross-section of the forged round bars depends not only on metallurgical 
properties of the input blank, but also on the type of used forming machine. Comparison of macro-structure of 
bars revealed that at forging on the press at the same degree of forging the porosity in axial parts of the forged 
bar is closed more perfectly. The reason for this is higher share of shearing deformation in this area at forging 
on hydraulic press. Another possible cause of this difference is probably also the higher degree of forging on 
the press. The calculation of the degree of forging according to the relation (1) is based on the share of cross-
sections K = So/Sk. At forging on the press with use of the scheme square - rectangle - square - circular section 
the spreading takes place.  However, the value of the increment of the degree of forging at the shape changes 
square - rectangle is according to the relation (1) not included into the overall degree of forging. For calculation 
of the degree of forging in individual passes it is possible to use also the equation: 

 f
K




11
1

             (7) 

where:  is relative deformation, f is indicator of spreading (f = 0.19 to 0.5). 

When summing the individual degrees of forging according to the equation (7) we get the overall degree of 
forging Khigher than the quoted value K = 3.5 that was calculated according to the relation (1). Another cause 
may consist in the fact that at forging on the radial forging machine a universal pressure acts only at the final 
stage of forging.  

Results of metallographic analysis prove that internal non-integrities in the steel structure may be formed under 
influence of: change of volume of liquid and solid phase, carbidic segregates and micro-cracks in the 
segregates [8]. In the steel of the type Cr-Mo-V the prevailing part of shrinkage porosities is transferred into 
the forged piece from the ingot and it can be removed only at the degree of forging K > 4.5. Forging on the 
extension machine is characterised by more favourable state of stress than in the case of forging on the press, 
but with smaller share of shearing deformations, which, however, are the decisive factor for closing of non-
integrities. Micro-structure on Figures 1, 2 is formed by basic matrix (ferrite, sorbit), in which massive particles 
of primary carbides are situated. Comparison of micro-structure of the bars forged on the extension machine 
and on the press CKW 1600 (Figure 3) makes it possible to predict in structure of the steel forged on the 
forging machine more massive primary carbides [8]. Grain size on both figures varies around the 7 (according 
to the ASTM). 
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7. CONCLUSION 

Effect of various forging technology on structure of tool steel X160CrMoV12 1 has been studied. Structure of 
the forged bars made of the tool steel EN X160CrMoV12 1 is influenced both by the forging technology and 
also by technology of production of input blanks - ingots. In order to achieve high quality of structure it is 
necessary to choose a suitable shape and dimensions of anvils in dependence on the selected forging 
machine. Quality of structure achieved by forging depends in great extent, namely at the degrees of forging 
around K = 3, on the quality of the cast - primary structure of the ingot. More perfect forming of the structure 
can be achieved by forging with higher share of shearing deformations. 
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Abstract 

Modern high-efficiency heat exchangers used in renewable energy systems are more and more often based 
on light metals and their alloys. The reasons for this are both economic and technical. Aluminium alloys show 
very good properties e.g. low mass density and heat conductivity and the price of the material is advantageous 
compared to any alternative compounds. The analysed group of heat exchangers is utilized in new generation 
of compact hybrid solar panels used for cogeneration of electrical energy and heat from sun radiation. The 
heat exchanger properties are determined by the materials of construction, as well as physical properties, 
technology and erosion and corrosion susceptibility caused by the exchanger’s fluid.  

The operating parameters of heat exchangers are limited to a great extent by the internal surface condition of 
the exchanger’s pipes. Their morphology is highly dependent on the manufacturing processes. This paper 
presents the study on stress and strain obtained from the finite element analysis for aluminium pipes at different 
stages of their pressure forming. 

Keywords: Aluminium alloys, hybrid solar collector, heat exchanger, FEA method, pressure forming 

1. INTRODUCTION 

1.1. The reason behind the work 

The new generation of compact hybrid solar collectors operating in renewable energy sources are combination 
of flat solar collectors and photovoltaic modules. Such collectors are the newest solution of CHP - combined 
heat and power systems. The waste heat, which is generated by photovoltaic panels is used to heat up the 
water in the central heating and DHW (domestic hot water) systems through a special plate heat exchanger. 
As a result, the overall efficiency of solar energy is increased. Modern heat exchangers are based more and 
more often on light metals and their alloys. This is due to both economic and technical factors, the benefits of 
using aluminium and its alloys are: relatively low price, low mass density and a favourable heat transfer 
coefficient. These modern aluminium heat exchangers are produced in a roll-bond process. In contrast to 
traditional technology, where the tubes are attached to the absorber’s sheet, the roll-bond exchanger is built 
so that the absorber’s sheet and channels are combined, which leads to high thermal efficiency. The roll-bond 
process allows for an increase in the number of channels and the channel structure can be more complex 
without additional cost, which is not possible with the currently used heat exchangers. Production of roll-bond 
exchangers consists of printing the desired pattern of channels on a single aluminium sheet with special ink 
(graphite - adapted to high temperatures) using screen printing. The next step is to attach the second 
aluminium sheet to the first one. Joining the two sheets is conducted at high temperature and high pressure in 
the hot rolling process. As a result, a single plate is obtained. It contains the previously printed channel 
structure in the form of unconnected areas. The final shape of channels is made by blowing air under pressure 
into the panels (pressure forming) [1]. 
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1.2. Analytical model of force parameters estimation in the channel forming process 

The analytical model for estimating the force parameters in the channel forming process was based on the 
radiosity method. The method is based on the principle of energy conservation and it is an extension of the 
superposition principle: to displace an element by a given distance a certain force is required. In a mechanistic 
sense, the work is defined as a product of force and the distance. An analogous relation applies to material 
deformation both in the elastic and plastic deformation range. 

Material flow curve can be described with the Hollomon equation: 

n
pl C                          (1) 

where, the average substitute value of the plastic resistance in a given process is: 
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The general view of the cross-section of a roll-bond exchanger channel is shown in Figure 1. Dimensions used 
for calculations are to the centre-line a convex sheet [2, 3].  

 
Figure 1 Dimensions of the cross-section of a roll-bond exchanger channel 

Using the principle of superposition to systematize the calculations, the channel forming process can be 
divided into two components: the process of material elongation to match its length with the length of channel’s 
wall (by uniaxial tension) and the process of curving the walls (by bending). 

Basic dependencies allowing to estimate the strain can be derived from the elementary geometric relationships 
in the channel system. The strain required to give the element the same length as the length of the channel by 
using tension is: 
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Pure bending is used to give an element a curvature specific to the channel’s shape. During element bending 
to a desired curve with an arc r, in the case of channel formation: 
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The specific energy required for the channel forming process is [4]: 

)
2

( gcw pl
                    (5)  

Assuming that the wall thickness of the channel is much smaller than the channel curvature radius, it is possible 
to estimate the stress in the formed channel walls, based on the plane-stress thin wall theory. The radial stress 
changes across the thickness from the pressure value on the internal surface to zero on the external surface 
and the hoop stress is directly proportional to the product of pressure and the ratio of the radius to the wall 
thickness of the channel. The average stress is the arithmetic mean of the maximum and minimum stress. By 
substituting the principle stresses with the material yield value, the pressure required to form the channel can 
be estimated. 

2. RESEARCH RESULTS 

Material properties - based on the experimental results the flow curve of EN AW 1100 aluminium grade was 
approximated with mathematical relation (1), assuming constants C = 118, n = 0.3. For the finite element 
analysis the initial yield strength of the recrystallized aluminium was assumed to be 55 MPa. Analytical 
calculation of strain and unit strain energy (strain energy per unit volume) required for channel forming is shown 
in Figure 2. 

 
Figure 2 Strain and unit strain energy calculated according to analytical model during channel pressure 

forming 

FEA analysis, carried out as part of the theoretical research, was performed using Deform-3D simulation 
software. The simulation was conducted in a two-dimensional environment using plane strain option, Skyline 
solver, and direct iteration method. The models of lower and upper part of the profile utilized a rigid plastic 
material properties and the internal pressure forming the upper part of the profile was assumed to 16 MPa. 
The mesh consisted of 9000 elements. The simulation was carried out until the desired height of the absorber 
channel was reached. Figures 3 to 6 show the respective FEA plots for strain, displacement, effective and 
maximum principal stress.  
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Figure 3 Strain during pressure forming 

 
Figure 4 Displacement during pressure forming 
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Figure 5 Effective stress during pressure forming  

 
Figure 6 Maximum principal stress during pressure forming 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

432 

3. CONCLUSION 

Pressure forming of channels in a sandwich panel, obtained by hot rolling of metal sheets, can be an effective 
method of manufacturing plate heat exchangers made of aluminium and its alloys with high heat efficiency. 
The final shape of the channel is limited by the material deformability. Under uniaxial tension, the deformability 
of the material is similar to the exponent of the Hollomon equation n (approximately 0.3). Such plasticity 
reserves allow for the formation of relatively high channels, which reduce the flow resistance of the medium 
inside them. It is important to note that the channel wall is formed by pressure without any contact with the tool 
and the surface quality is limited by the displacement and initial grain size. During channel formation there are 
areas where the displacement is higher, resulting in higher stress. These areas are located near the inner 
surface, at the edges of the channels where there is additionally bending of the material and near the outer 
surface of the channel wall, in the middle of the formed channel (in the proximity of the axis of symmetry). 
Channel formation causes strain hardening in the material, but at the same time there is a decrease in the 
channel wall thickness, which affects the structural capacity of the system and the operating pressure range 
of the medium allowed in the channel. 
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Abstract  

The aim of the study was to evaluate the effect of deformation parameters on the plasticity and microstructure 
of alloy AZ31. Continuous, two-stage and multi-stage hot deformation tests were performed to analyze the 
effect of parameters such as heating temperature, deformation size, deformation speed and deformation time 
after deformation on the alloy microstructure and plasticity of the alloy. In addition, the activation energy and 
the fraction of weakness for the individual samples were determined.  

Keywords: Magnesium alloys, microstructure, hot deformation, flow stress 

1. INTRODUCTION  

Magnesium and its alloys characterise with interesting properties such as: high proper resistance, good cast-
ability and good weldability which all cause that they are the most attractive materials for application in aviation 
and automotive industries. Up to the present moment the application of the magnesium alloys has been limited 
to products which are achieved through casting methods which limits their application range. Thanks to plastic 
treatment the magnesium alloys can become an interesting alternative but the technology of plastic shaping is 
complicated due to their low plasticity in room temperature [1-3]. Alloys from group Mg-Al-Zn are the most 
common. In this group there are four basic kinds: AZ21, AZ31, AZ61 and AZ80. Alloys AZ21 and AZ31 possess 
average mechanical properties, they are weldable and can be easily rolled and extruded. These alloy types 
are used for preparing metal sheets which are meant for sheet metal stampings. Magnesium alloy AZ31 has 
alloy additives in the form of aluminium - 3 %, zinc - 1 % and manganese below 0.5 %. Alloy additives improve 
the strength of the alloy as well as the resistance to brittle cracking [4-6]. The hot working flow stress and 
structure for wrought magnesium alloy AZ31 have been analyzed [7, 8]. After extrusion and annealing, alloy 
specimens were subjected to axial-symmetric compression test on GLEEBLE thermo-mechanical simulator. 
In order to analyze the processes which take place during deformation, the specimens after deformation were 
intensely cooled with water. The processes of structural reconstruction, which take place during deformation, 
have been detected. 

2. EXPERIMENTAL PROCEDURE 

The article presents the hot working flow stress and structure for wrought magnesium alloy AZ31 have been 
analyzed. Test materials were rods from alloy AZ31 after extrusion process. Chemical composition and 
mechanical properties of alloy AZ31 are presented in Table 1.  

Table 1 Chemical composition and mechanical properties of alloy AZ31 

AZ31 
Al Zn Mn Si Cu Ca Fe Ni Inne Mg 

3.00 0.71 0.20 0.02 0.01 0.01 0.003 0.0001 0.30 balance 

Mechanical 
properties R0,2 =150 MPa, Rm=230 MPa, A=8 % 
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Axis-symmetric compression was performed using the Gleeble 3800 system. Samples of ø10 x 12 mm were 
placed in sintered carbide anvils. Large friction at the sample border-the surface of the anvil causes plastic 
flow to be heterogeneous. Lubricant was applied to minimize friction and graphite foil was placed between the 
sample and the anvil. Attempts were made in a protective atmosphere - vacuum + argon. Structural 
examination was carried out using light microscopy Axis-symmetric compression tests were conducted in 
temperature range from 250÷400 ºC at the rates of strain 0.01 and 1 s-1. 

3. RESULTS AND ITS DISCUSSION 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 1 Comparison of the alloy microstructure after deformation at 250 °C a), 300 °C b), 350 °C c)  
and 400 °C d) 

In the first stage, the influence of temperature, size and deformation rate on technological plasticity under 
continuous deformation was investigated. It was found that the increase of process temperature leads to 
intensification of recrystallisation processes (Figure 1) and recrystallisation grain growth (Figure 1). This is 
manifested by the decrease in the value of the plasticizing stress (Figure 2.). As the deformation rate 
increases, a fine microstructure is obtained, but not fully recrystallised. For the temperature of 250 ºC, after 
reaching maximum stress which equals 141 MPa and strain value of 0.2, a significant drop of yield stress 
occurs. It is connected with the undergoing process of recrystallisation. It is proved by the presence of small 
grains present on the primary grain boundaries (Figure 1a). Elevation of strain temperature to 300 °C and 350 
°C allows for the achievement of fully recrystallised structure(Figures 2 b-c). Maximum stress is lower and 
reaches the value of 89 MPa for 300 °C and 65 MPa for 350 °C (Figure 2). The last option of strain was strain 
in temperature of 400 °C where the yield stress was 45 MPa. The observed structure in this case is fully 
recrystallised (Figure 1d). Double and multiple strains can be observed in many technological processes. A 
multi-pass hot rolling process can serve as a good example here. In case of rolling, the gap between the 
deformations is also important. Therefore, two-stage deformation experiments were conducted to determine 
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the impact of the time between the deformations. The 1s between the deformations leads to further 
strengthening of the material. Increasing the hold time leads to a decrease in the strengthening level  
(Figure 3) In case of deformation with 30 s and 60 s, the curves actually overlap. Determined values of 
fractions of weakness, confirm that with the increase in holding time the number of recrystallised fractions 
increases (Figure 4). Rolling is also important in multi-step deformation. Each successive deformation causes 
the grain to be crushed, and in the time between the deformations the recrystallisation and recovery process 
take place there. Experiments simulating the conditions of such a process were conducted. The effect of 
temperature change on each successive deformation was studied. Simulated conditions of four-stage 
deformation were provided. Reducing the deformation temperature leads to the increase of the maximum 
stress (Figure 5), and the structure is less and less recrystallised. Analyzing the effect of the deformation rate 
and the durability time between the deformations, a 5-step deformation test was performed (Figure 6). The 
increase in speed resulted in the increase of the maximum stress and the structure was recrystallised to the 
smallest level. Lower speeds exhibited a higher degree of recrystallisation, which was reflected in the decrease 
in maximum stress. The analysis of the effect of the time between the successive deformations showed that 
the prolongation of the retention time leads to a decrease in the maximum stress. The difference in these 
values increases with each successive deformation (Figure 7).  

 
Figure 2 Flow curves with different deformation temperatures at constant deformation rate 

 
 

Figure 3 Flow curves obtained after two-stage 
deformation at different times of resistance before 
further deformation -  1 s, 5 s, 10 s, 30 s and 60 s 

Figure 4 Flow curve obtained under four-stage 
deformation conditions 
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a) 

 
b) 

 
c) 

 
d) 

Figure 5 Microstructure of samples at different time of between deformations: a) 5 s, b) 10 s, c) 30 s  
and d) 60 s 

 
Figure 6 Flow curves obtained during the 5-step 

deformation at deformation rate 
Figure 7 Flow curves obtained during the  

5-step deformation with the time between the 
deformations Δt = 5s and Δt = 10s 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

437 

CONCLUSION 

Conducted tests allowed for determination of the behaviour of alloy AZ31 in conditions of process with various 
deformation parameters which are temperature, speed and size of strain as well as holding time between each 
following strain. Knowledge of those dependencies is particularly important in case of designing the technology 
of hot-working in industrial conditions for manufacturing products and semi-products from alloy AZ31. 
Microstructure of alloy AZ31 should be shaped in such a way so that in the process of working the smallest 
possible grain refining could be achieved. Such conditions allow for the preparation of products with required 
mechanical properties. It was proved here that the higher the temperature of strain, the bigger the part of the 
recrystallised grains in the structure and also the bigger the drop in the maximum stress. Time extension for 
holding between the stresses causes the increase in the degree of structure recrystallisation and the values 
of maximum stress in the second strain decrease. The work carried out in the study will be helpful in selecting 
the parameters of the plastic processing processes. 
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Abstract 

This article describes problems related to the lifetime of tools used for hot forging. The results of industrial 
tests, involving the application of ZeroFlow nitriding for the purpose of improving tool lifetime, are presented. 
One of the bottom dies was subjected to detailed analysis on account of its short lifetime. Analysis of a standard 
die was also conducted for the purposes of comparison. Based on comprehensive tests of tools (surface 
scanning, microhardness measurements, observation under a microscope), after a specific number of 
manufactured forgings, it was demonstrated that the application of ZeroFlow gas nitriding can effectively 
increase the lifetime of tools used in hot die forging processes. 

Keywords: Forging tools, forging, ZeroFlow method, nitriding 

1. INTRODUCTION 
The lifetime of tools used in industrial production processes is a problem to which much attention has been 
devoted for quite some time. The lifetime of tools has a significant impact on production costs, since tools costs 
make up even 30-40% of total production costs in certain cases, and the quality of manufactured products also 
depends on the quality and lifetime of tools [1-3]. Tools used in industrial forging processes are a special case, 
where extremely heavy operating conditions cause these tools to be characterized by a very low lifetime. This 
is particularly visible in hot die forging processes, where tools are subjected to the simultaneous action of the 
three main factors causing their destruction, i.e. intense thermal shocks, cyclically variable mechanical loads 
and intense friction, over the course of their work. These factors pertain, above all, to the near-surface layer 
of the tool, and in light of this, modification of the surface layer of forging tools is the most effective method of 
improving their lifetime [3]. 

Despite the development of many different surface engineering methods, nitriding remains the most popular 
method of improving forging tools' lifetime. Nitriding increases tools' resistance to abrasion, fatigue strength, 
and improves corrosion resistance. Observations of many industrial forging processes in which nitrided tools 
were applied have proven that this treatment makes it possible to increase tool lifetime several times over. 
Studies have shown that tools must have a specific, uniform structure for the nitrided layer to improve tool life 
effectively. Generally, over the course of nitriding, a diffusive zone of ferrite supersaturated with nitrogen with 
precipitations of carbonitrides and γ' nitrides forms first, and then, depending on process parameters, a 
continuous zone of ε+γ' nitrides and carbonitrides forms on the surface, with growing content of ε nitrides. As it 
turns out, nitrided layers with a surface zone of the ε phase are generally characterized by inferior functional 
properties, mainly because they exhibit low ductility simultaneously with high resistance to abrasion, which 
makes them suitable for work under conditions where there are lower dynamic loads. In turn, a layer made up 
of γ' nitrides and carbonitrides contributes to increased resistance to abrasion and scoring as well as to 
increased corrosion resistance. However nitrided layers without compound zones are characterized by very 
good fatigue strength and are less susceptible to cracking due to thermal fatigue, which makes them suitable 
for work under conditions of high thermal loads. Unfortunately, this technology has not yet been mastered 
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despite many years of application. Errors in nitriding processes are caused by careless execution and a lack 
of precise control over process parameters, resulting in an inappropriate nitride layer [3-7]. 

2. ZEROFLOW METHOD 

Nitriding methods currently applied make it possible to obtain nitrided layers of any specific structure thanks 
to precise regulation of the chemical composition of the nitriding atmosphere and nitrogen potential. 
One example is the ZeroFlow method, developed by SECO WARWICK, which is based on performing the 
nitriding process using a single-ingredient atmosphere consisting solely of ammonia (NH3) dissociating inside 
the furnace retort, the concentration of which determines the degree of nitriding potential. In practice, this is 
realized by regulating the flow rate of ammonia through the retort and by periodically closing and opening 
ammonia supply to the retort. The fact that the flow rate of ammonia into the retort is periodically reduced to 
zero is of particular significance. This makes it possible to significantly reduce the consumption of process 
gases in comparison to conventional nitriding methods and also simplifies the nitriding station as well as the 
process itself while simultaneously preserving full control over layer growth kinetics [4-6]. 

3. RESEARCH METHODOLOGY 

Tools used in the hot forging process were analysed. The selected process is performed in three operations: 
upset forging, preliminary die forging, and finish forging. The initial temperature of the billet material is 1150 - 
1180°C (forging temperature). 20HG steel was used as the material of the forging. The tools are made from 
1.2343 hot-work tool steel. Analysis of the effectiveness of applying ZeroFlow nitriding for the purpose of 
improving tool lifetime was conducted for the bottom die insert in the second operation, for which the lowest 
lifetime (approx. 8 000 forgings) was observed [3]. 

Tools with two variations of nitrided layers obtained using the ZeroFlow method were tested and studied, and 
for comparison, a tool with a nitrided layer obtained by traditional gas nitriding was also tested. Nitriding 
processes for the tools intended for testing were performed by SECO/WARWICK S.A. in Świebodzin. ZeroFlow 
nitriding processes had differing process parameters, so nitrided layers of varying structure were obtained. 
Table 1 presents the parameters of applied nitriding processes. Special samples (pilots) made from the same 
material as the tools were also found inside the furnace retort during the execution of nitriding processes. 

Table 1 Parameters of nitriding processes 

No. Nitriding method Parameters of the nitriding process 

1 Traditional nitriding 
1st step 500 ˚C / 5 h / deg. of dissociation NH3 15-20 % 

2nd step 540 ˚C / 15 h / deg. of dissociation NH3 30-60 % 

2 ZeroFlow no. 1 (ε) 
1st step 490 ˚C / + 1 h / Np = 15 atm-1/2 

2nd step 550 ˚C / + 10 h / Np = 3.0 atm-1/2 

3 ZeroFlow no. 2 (γ’) 
1st step 490 ˚C / + 1 h / Np = 15 atm-1/2 

2nd step 550 ˚C / + 13 h / Np = 0.6 atm-1/2 

Tools after the nitriding process were subjected to operational tests, in which each tool was used to forge 7500 
forgings. Next, the tools used in this manner were subjected to thorough analysis. Conducted tests included: 
macroscopic observations, microscopic observations using a scanning electron microscope of the working 
surface in selected areas, microstructural analysis and microhardness measurements. 

Moreover, in each of the performed nitriding processes, besides the tool, test samples, so-called pilots made 
from 1.2343 steel and prepared in the same manner as tools, were also treated. Analysis of these pilots will 
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allow for, which were then tested in order to determine the properties of the near-surface layer of tools before 
their operation. 

4. TESTING OF TEST SAMPLES  

Test samples made from 1.2343 steel, were also treated by heat treatment and nitriding process to determine 
the properties of the surface layer of tools before their operation. Following thermochemical treatment, these 
pilots were cut, polished and etched, and then their microstructure was observed and microhardness of the 
surface layer measured. A view of the microstructure of selected samples is presented in Figures 1-3. In order 
to protect against chipping of the white layer, samples were nickel-plated. 

   

Figure 1 View of the microstructure of the nitrided layer: a) traditional nitriding, b) ZeroFlow nitriding variant 
no. 1 (ε), c) ZeroFlow nitriding variant no. 2 (γ’)  

When the traditional method was applied, a diffusive zone of α nitrides with γ’ precipitates visible mainly on 
the surface (Figure 1a) was obtained. Nitrided layers obtained in the ZeroFlow nitriding process consisted of 
an α diffusive zone with γ’ nitride precipitates on the surface and a non-continuous, thin zone of ε iron nitrides 
with a maximum thickness of approx. 3.5 µm in variant no. 1 (Figure 1b). However in variant no. 2, a nitrided 
layer with a γ’+ α structure was obtained (Figure 1c). 

Next, microhardness distributions (Figure 2) were determined on the prepared samples, and these profiles 
provide information about changes in hardness at various depths in the near-surface layer. ZeroFlow nitriding 
makes it possible to obtain a clearly thicker layer with similar maximum hardness but a different hardness 
profile at a depth below 0.1 mm. Layers nitrided using the ZeroFlow method have a milder hardness reduction, 
which is favourable from the perspective of these layers' resistance to fatigue cracking and tempering. 

5. MACROSCOPIC STUDIES OF DIES 

Macroscopic observations showed traces of various wear mechanisms such as abrasive wear, fatigue cracking 
and oxidation, which occurred with varying intensity in individual areas. Abrasive wear mainly occurs on the 
edge of the bridge (Figure 3, no. 3) and in parallel with thermomechanical fatigue on the central face surface 
(Figure 3, no. 1). Oxidation is observable, particularly on the lower face surfaces (Figure 3, no. 2). Based on 
observations of the tool's surface and previous studies [1], 3 areas in which the aforementioned wear 
mechanisms are dominant were distinguished. The scheme of the division is presented in Figure 3. Further 
analysis of tool life was conducted in these areas from the perspective of the resistance of tools with the applied 
nitrided layers to the tool wear mechanisms dominant in these areas. 

a) b) c) 
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Figure 2 Microhardness distributions determined on 

studied samples after nitriding 
Figure 3 Areas of analysis on the tool 

surface 

5.1. Thermomechanical fatigue resistance tests 

In the area marked in Figure 3, the tool's surface is subjected to intense thermal shocks since it remains in 
contact with the hot material for the longest time and the stream of sprayed cooling and lubricating fluid is 
directed straight towards this area, causing intense thermal shocks to occur in this area [3]. 

Figure 4 presents selected results of SEM surface analysis in area 1 (Figure 3). 

     
Figure 4 SEM view of the surface in area no. 1 on a tool nitrided a) traditionally,  

b) by ZeroFlow variant no. 1 (ε), c) by ZeroFlow variant no. 2 (γ’) 

A fatigue crack network was observed on the surface of the tested tools, and these cracks were deformed as 
a result of the material's tempering in the near-surface layer. In addition, abrasive wear occurs in this area, 
visible in the form of furrows oriented along the line of the material's flow over the die's surface. Microstructural 
analysis, was conducted in order to explain the method by which cracks form and propagate into the tool. 
Observation of cracks on the cross-section showed the presence of cracks of various lengths, reaching up to 
400 µm, propagating into the tested tools perpendicularly to the surface or along γ’ nitride precipitates inside 
the nitrided layer. Crack propagation is generally trans-crystalline, however a tendency to propagate along 
nitrides precipitating on the grain boundaries of what was formerly austenite is observed locally, particularly in 
tools with a larger amount of such precipitates. The total size of wear, expressed as material loss, is the 
greatest for the traditionally nitrided tool, while the tool nitrided by ZeroFlow no. 2 (γ’) is characterized by the 
highest durability. 

5.2. Oxidation resistance tests 

In area 2, a significant part of the due surface is covered by a non-uniform, flaky layer of oxides. Wear often 
takes on the form of excess material instead of material loss. The structure of the oxide layer was studied by 

1 2 
3 

b) c) a) 
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SEM microscopy, because oxides are too brittle to polish effectively and observe by means of light microscopy. 
Selected results of studies are presented in Figure 5.  

   

Figure 5 View of the oxide layer in area 3 on a tool nitrided a) traditionally, b) by ZeroFlow variant no. 1 (ε), 
c) by ZeroFlow variant no. 2 (γ’) 

The formations visible on the surface are built at the cost of the tool's material, and they then crack and detach 
from the surface as a result of interactions with the formed material. To confirm the contents of these 
precipitates as iron oxides, testing of chemical composition was performed using the EDX method. The results 
are presented in Figure 5.  

Analysis of chemical composition showed significant iron content, which confirms the assumption and rules 
out the possibility that these precipitates may be stuck lubricant residue or other contaminants. Studies showed 
a high tendency for oxidation of the surfaces of tools nitrided by ZeroFlow no. 1 (ε). 

5.3. Abrasive wear resistance tests 

Abrasive wear of forging tools usually occurs at locations where pressures and the path of the formed material's 
movement over the tool's surface are the greatest/longest. Furthermore, this wear usually occurs as a 
consequence of fatigue cracking, where a crack network is present, the depressions of which give rise to 
abraded furrows (Figure 6). In the case of the analyzed tools, the most intensive abrasive wear occurs at the 
edge of the bridge where the flash forms - area 3 (Figure 3). 

    

Figure 6 SEM view of tool nitrided a) traditionally, b) by ZeroFlow variant no. 1 (ε), c) by ZeroFlow variant no. 
2 (γ’) in area 3 of analysis 

SEM and macroscopic observations showed varied resistance to abrasive wear of tools with different nitrided 
layers. The lowest resistance was observed for the traditionally nitrided tool (Figure 6a), moderate resistance 

a) b) c) 

a) b) c) 
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for the tool nitrided by ZeroFlow variant no. 1 (ε) (Figure 6b) and the highest resistance for the tool nitrided by 
ZeroFlow variant no. 2 (γ’) (Figure 6c). 

5.4. Tempering resistance testing - microhardness analysis 

In order to determine resistance to the action of elevated temperatures, a series of microhardness tests was 
performed on the cross-section, in the direction from the surface perpendicularly into the tool. The degree of 
the material's tempering in the surface layer was compared between the studied nitrided tools after their 
exploitation in the 2 of 3 studied areas. The results are presented in Figure 7.  

 

Figure 7 Comparison of microhardness in the surface layer of tools after exploitation; 
a) area 1, b) area 2 

The comparison presented in Figure 7 concerns 2 areas. In area 1 (Figure 7a), the tool's surface was in 
contact with the forging for the longest time, and normal forces were also the greatest [3], thus all tools were 
tempered in the near-surface layer, however tools nitrided by ZeroFlow, particularly variant no. 2, exhibited a 
certain resistance to tempering and maintained a partially elevated hardness. In area 2 (Figure 7b), where 
both pressures and contact time were lower, strong tempering of the traditionally nitrided layer took place, 
however other tools lost hardness only partially and a zone of reduced hardness did not form directly under 
the nitrided layer. In summary, tools nitrided by means of the ZeroFlow method exhibited greater resistance to 
the action of high temperatures in contact with the hot-forged material. 

6. CONCLUSIONS 
Conducted studies made it possible to comprehensively evaluate the applied nitrided layers from the 
perspective of improvement of forging tools' lifetime. The following conclusions were formulated on the basis 
of analysis: 

1) Tool lifetime depends, above all, on the type of applied layer and the method of its creation. 
2) Excessive precipitation of γ’ nitrides forming on grain boundaries of former austenite intensify the 
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process of fatigue crack formation and propagation along grain boundaries in the material.  
3) The nitrided layer obtained by means of the ZeroFlow method is characterized by a mild reduction in 

hardness and greater depth of the nitrided layer, which results in greater resistance to the action of high 
temperatures causing local tempering of the near-surface layer. 

4) The tool nitrided by ZeroFlow variant no. 2 (γ’) is characterized by the highest resistance to 
thermomechanical fatigue and abrasive wear, and this is due to the lower, controlled amount of nitride 
precipitates in the diffusive layer and on the surface. 

5) The tool nitrided by ZeroFlow variant no. 1 (ε) is characterized by a longer lifetime than the traditionally 
nitrided tool, however it exhibits a greater tendency for formation of an oxide layer on the surface. 

ACKNOWLEDGEMENTS 

The research has been financed within the project NCBiR PBS2/A5/ 37/2013. 

REFERENCES 

[1] GRONOSTAJSKI, Z., et al. The failure mechanisms of hot forging dies. Materials Science and Engineering. A, 
Structural Materials: Properties, Microstructure and Processing. 2016, vol. 657, pp. 147-160. 

[2] HAWRYLUK, M., JAKUBIK, J. Analysis of forging defects for selected industrial die forging processes. Engineering 
Failure Analysis, 2016, vol. 59, pp. 396-409. 

[3] HAWRYLUK, M. Review of selected methods of increasing the life of forging tools in hot die forging processes. 
Archives of Civil and Mechanical Engineering, 2016, vol.16, pp. 845-866. 

[4] MAŁDZIŃSKI, L., et al. Przemysłowe zastosowania azotowania gazowego metodą ZeroFlow. Inżynieria 
Powierzchni, 2010, vol. 15, pp. 48-53. 

[5] WENDLAND, J., et al. Trwałość matryc azotowanych metodą ZeroFlow. Obróbka Plastyczna Metali, 2014, vol. 25, 
no. 3, pp. 185-200. 

[6] MAŁDZIŃSKI, L., et al. Controlled nitriding using ZeroFlow method. ASM International, 2009, vol. 9, pp. 19-22. 
[7] ALTAN, T., NGAILE, G., SHAN, G. Cold and hot forging fundamentals and applications. ASM International, 2005. 

 

 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

445 

ANALYSIS OF THE EFFEC OF THE ASYMMETRIC ROLLING PROCESS ON THE 
DEVELOPMENT OF THE MICROSTRUCTURE OF LOW-CARBON STEELS  

WITH MICRO-ADDITIVES 

KAWAŁEK Anna, MAGIERA Monika, KOCZURKIEWICZ Bartosz, DYJA Henryk, LABER Konrad 

Czestochowa University of Technology, Faculty of Production Engineering and Materials Technology, 
Institute of Visual Arts and Security Engineering, Częstochowa, Poland, EU 

 kawalek@wip.pcz.pl 

Abstract  

The paper presents the results of the outer surface quality examinations of Zr-1%Nb alloy tubes after the 
process of pilger rolling with a deformation of ε=72% on a KPW rolling mill. For the analysis of the effect of the 
strain rate and the degree of deformation of the magnitude of the yield stress σp of the investigated alloy, an 
experiment was programmed based on the industrial conditions and physical modelling of the rolling process 
was carried out. For the physical modelling of the process under examination, the GLEEBLE 3800 metallurgical 
process simulator was employed. Based on the examination results, the relationship σp= σp(ɛ, έ) has been 
obtained for discontinuous cold deformation conditions and recommendations for the division of the strain 
distribution over the deformation zone length have been given.  

Keywords: Numerical modelling, physical modelling, asymmetric rolling, micro-additive low-carbon steels 

INTRODUCTION 

The discovery of new gas deposits in Poland and in the world has caused an increase in demand for pipeline 
tubes made from steel plate by the spiral and longitudinal welding methods. The requirements imposed on 
steels intended for pipelines are specified in European Standard EN 10208-2 being equivalent to American 
Standard API 5L. These steels are distinguished by a high yield point, high tensile strength and good weldability 
resulting from the reduced carbon content. To enhance the mechanical and plastic properties, micro-additives, 
such as V, Ti, Mn and Mo, are introduced to the steel. These micro-additives inhibit also the growth of austenite 
grains [1÷3]. The technology of pipeline plate production from those steel grades is relatively complex. Heating 
prior to the rolling process must be conducted in a manner that prevents excessive austenite grain growth 
(normally in the temperature range of 1150÷1200°C). The assurance of high plastic and mechanical properties 
is only possible owing to a well developed rolling technology. Introducing asymmetric deformation conditions 
between the upper and lower rolls to the rolling process causes zones of oppositely oriented tangential 
stresses to occur in the metal. Such a deformation state has a grain-refinement effect in the rolled band. These 
conditions cause, that rolling process with so-called double asymmetry can included to intensive plastic 
working processes [4, 5].The occurrence of zones in which friction forces on the upper and the lower roll are 
oppositely oriented is advantageous to the rolling process, as their effect can be compared to the action of 
tension and back tension forces. This reduces the total roll separating force, thanks to which it will be possible 
to apply larger single reductions, which will also contribute to the refinement of the austenite structure [6, 7]. 
The application of asymmetry in the rolling process results also in a smaller elastic deflection of the rolling 
stand. Thanks to this it is possible to use smaller working roll deflection forces and to obtain finished plate with 
smaller dimensional deviations across the length and width of the band. However, asymmetry introduced to 
the rolling process causes the band to band to bend on exit from the roll gap and also results in an increase in 
the total rolling moment and an uneven distribution of torques between the working rolls, which may result in 
an overloading of the rolling mill's drives with a possible occurrence of slips in the roll bite. A method for the 
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elimination of those adverse phenomena is to introduce simultaneously two types of asymmetry with 
appropriately selected asymmetry factors to the rolling process. 

1. THE AIM, SCOPE AND METHODOLOGY OF THE INVESTIGATION 

The primary aim of the undertaken investigation was to establish such values of asymmetry factors and 
technological rolling process parameters, at which a stress state will occur in the deformation zone, which is 
favourable to austenite grain refinement and, at the same time, a reduction in energy and force parameters 
will result. Thanks to the above, it will be possible to use larger single reductions, which will also contribute to 
a refinement of the austenite structure. 

A finite element method-relying program, FORGE®, was employed in the study for numerical modelling of a 
rolling process with two types of asymmetry. The investigation was conducted on specimens made of an 
experimental low-carbon steel with micro-additives with a chemical composition developed at the Czestochowa 
University of Technology's Institute for Plastic Working and Safety Engineering. Table 1 gives the experimental 
chemical composition of the steel used for the investigation. 

Table 1 Experimental chemical composition of the investigated steel [%] 

Chemical composition, % 

C Mn Si P S Ni Mo Cu Cr Nb Al Ti N 

0.095 1.95 0.35 0.010 0.010 0.11 0.20 0.12 0.13 0.055 0.032 0.043 36 
ppm 

Working rolls, each with a diameter of 150 mm, were taken for numerical modelling. Two types of asymmetry 
were applied in the rolling process. The first type of asymmetry (kinetic) was introduced by differentiating the 
working roll rotational speeds, where the lower roll had a constant rotational speed of n = 78 rpm, while the 
upper roll's rotational speed was reduced. The second type of asymmetry (geometric) was introduced by 
differentiating the working roll diameters (the upper roll had a constant diameter, while the diameter of the 
lower roll was reduced). The asymmetry factors for both kinetic and geometric asymmetries were identical, 
being av=ad=1.10÷1.30. The rolled band temperature was t = 880°C. The range of applied reductions was ɛw 
= 0.1÷0.5. The numerical simulations were carried out for a band with an initial height of h0=10 mm (a roll 
diameter ratio of h0/D = 0.067). The following data were adopted for the simulations: ambient temperature, 
20°C; tool temperature, 60°C; friction factor, 0.7; friction coefficient, 0.3; the coefficient of heat exchange 
between the material and the air, αpow = 10 [W/Km2]; and the coefficient of heat exchange between the material 
and the tool, αnarz = 3000 [W/Km2]. 

To perform simulation of plastic working processes, where the finite element method is used, it is necessary 
to well know the characteristics describing the rheological properties of the steel in the form of stress-strain 
diagrams, which consider the effect of band temperature and strain rate. To this end, plastometric tests using 
the GLEEBLE 3800 simulator were carried out for the investigated steel grade. Based on the tests, diagrams 
of the relationship of steel stress versus strain were drawn and the coefficients of the flow stress function were 
selected (Table 2), which were used in computer simulations of the rolling process. For the description of the 
flow stress σp as dependent on the deformation parameters, the Henzel and Spittel functions in the form of the 
following relationships were used (1):  

9875

4

321 )1( mTmmTm
m

mmTm
p TAe    

      (1) 

where: σp - flow stress, T - band temperature, ε - actual strain,  - strain rate, A, m1 ÷m9 - function coefficients. 
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Table 2 The values of parameters A and m1÷m9 employed for the determination of the σp of the steel used  
              for for the investigation 

Wartości parametrów uzyskanych w wyniku aproksymacji równania 

A m1 m2 m3 m7 m4 m5 m8 m9 

4.58107E-09 -0.007537304 0.386415 -0.052943 -0.137999 -0.000198 -0.001184 0.000151 4.736197 

2. ANALYSIS OF THE INVESTIGATION RESULTS  

Table 3 gives the results of numerical and experimental tests obtained during rolling the investigated steel at 
a temperature of 1160°C. 

Table 3 Results of the experimental tests of the rolling process 

 Lab - experimental test results 

The data given in Table 3 show that differentiating the rotational speeds of the working rolls influences both 
the value of band curvature at the roll bite exit, as well as the band bend direction. For all the analyzed relative 
strains, ɛw, the band, after leaving the roll gap, bent towards the upper roll (the roll with a lower rotational 
speed), with the magnitude of the band bend radius increasing with the increase in the value of the applied 
reduction εw. The introduction to the rolling process of two types of asymmetry (kinetic and geometric) with the 
identical values of the asymmetry factors av = ad yielded a straight band for the entire range of the remaining 
rolling process parameters (Table 3). After applying asymmetric rolling conditions (kinetic asymmetry) with 
reductions of εw = 0.1 and 0.15 in the rolling process, a slight (several percent) increase in the magnitude of 
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the average pressure force pj resulted. By contrast, increasing the reduction to ɛw = 0.25 in asymmetric rolling 
with one asymmetry type (kinetic asymmetry) decreased the magnitude of the total pressure force (Table 3). 
Applying two types of asymmetry (kinetic and geometric) in the process of rolling feedstock with an initial height 
of h0 = 10 mm caused a reduction in the magnitude of the average pressure force pj for the entire examined 
range of relative strain variations, ɛw = 0.10 ÷ 0.25. The greatest drops (by approx. 5%) were observed for the 
largest reduction magnitude of ɛw = 0.25. 

The data given in Table 3 show that a good agreement was obtained between the numerical simulation results 
and the laboratory testing results. The calculated error for the results obtained from the laboratory tests for the 
pressure force ranged from 4 to 10%, while the error calculated for the band curvature amounted to about 
20%. The occurred differences between the results obtained during rolling in laboratory conditions and the 
numerical simulation results were due to the fact that the laboratory conditions deviated from the ideal 
conditions existing within the FORGE 2011® program in terms of, e.g., friction conditions occurring at the metal-
tool contact surface, and the feedstock in actual conditions was covered with a scale layer and its temperature 
was not uniform within the entire volume. 

The observations of the former austenite grain microstructure were conducted on specimen cross-sections 
using a Nikon Eclipse MA-20 optical microscope. The structure of the starting material is shown in Figure 1. 
Variations in austenite grain size are illustrated in Figures 2, 4 and 6. 

 

Figure 1 Structure of the material (steel X80) prior to the rolling process; a magnitude of 200x 

a) b) c) 

   
Figure 2 The structure of the steel after deformation with a reduction of ɛw = 0.10; a) after the symmetric 

rolling process; b) after the process of rolling with one asymmetry type; and c) after the process of rolling with 
two asymmetry types 

Figures 2a, 2b and 2c show the steel structure obtained from the process of symmetric rolling and the 
processes of asymmetric rolling with one and two asymmetry types, respectively, with a reduction of  εw=0.1. 
Using the secant method, the size of the formed austenite was determined, and the results of these 
examinations are presented in Figure 3. Based on the obtained results it was found that the use of a small 
reduction (εw = 0.1) in the symmetric process caused a slight austenite grain growth up to 57 µm, compared to 
the structure obtained before rolling (50 µm). The analysis of the distribution of strain intensities for the 
technological case under consideration (Figure 2a) found that the critical strain needed for the initiation of 
static recrystallization had not been exceeded and the microstructure had only recovered (the absence of 
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oblong grains). For the specimen after the process of rolling with a reduction of εw = 0.1 using one type of 
asymmetry, a slight austenite grain refinement to 46 µm was obtained (Figure 2b). The analysis of the 
distribution of strain intensities determined in the numerical studies showed that the use of a single asymmetry 
type in rolling with a reduction of εw = 0.1 allowed the critical strain to be exceeded and static recrystallization 
to be initiated upon band exit from the deformation zone. The use of two asymmetry types (Figure 2c) in the 
rolling process resulted in a further increase in strain intensity and austenite microstructure refinement to a 
value of approx. 40 µm. 

 

Figure 3 The austenite grain size as determined based on the laboratory tests of rolling plate of the 
experimental grade of micro-additive low-carbon steel with a reduction of ɛw = 0.10 

a) b) c) 

   

Figure 4 The specimen microstructure after the process of rolling with a reduction of ɛw = 0.15; 
a) for the symmetric rolling process; b) for the rolling process with a single asymmetry type; c) for the rolling 

process with two asymmetry types 

 

Figure 5 The austenite grain size as determined from the laboratory tests of the process of rolling plate of 
the experimental micro-additive low-carbon steel with a reduction of ɛw = 0.15 
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Figures 4a, 4b and 4c show the microstructure of specimens after the processes of symmetric rolling and 
asymmetric rolling (with one and two asymmetry types, respectively) with a reduction of εw=0.15. Using the 
secant method, the average austenite grain size was determined to be 44 µm for the specimen after the 
symmetric rolling process, 42 µm for the specimen after the process of rolling with one asymmetry type, and 
35 µm for the specimen rolled with two asymmetry types (Figure 5). Based on the tests carried out it was 
found that after each of the rolling process variants used the former austenite grain size had been refined. The 
distribution of strain intensities obtained from the numerical simulations for the processes of rolling with one 
and two types of asymmetry showed that after the application of the reduction of εw=0.15, static recrystallization 
had completely occurred. The best results were obtained from the process of rolling with two asymmetry types, 
as austenite grain refinement to a value of 35 µm had taken place. 

Figures 6a, 6b and 6c show the specimen microstructure obtained after the process of symmetric rolling and 
after the processes of asymmetric rolling with one and two asymmetry types, respectively, with a reduction of 
εw=0.25. Using the secant method, the average former austenite grain size (Figure 7) was determined to be 
32 µm after the symmetric rolling process, 28 µm after the process of rolling with one asymmetry type, and 25 
µm after rolling with two asymmetry types. 

a) b) c) 

   
Figure 6 The specimen microstructure after the process of rolling with a reduction of ɛw = 0.25; 

a) for the symmetric rolling process; b) for the rolling process with a single asymmetry type; c) for the rolling 
process with two asymmetry types 

 

Figure 7 The austenite grain size as determined based on the laboratory tests of rolling plate of the species 
from experimental low-carbon steel with micro-additives ɛw = 0.25 

Using the reduction of εw = 0.25 for each of the rolling process variants contributed to an increase in strain 
intensity and thereby to a reduction of the former austenite grain and, in addition, enabled static 
recrystallization to take place. The finest grain of about 25 µm was obtained in the specimen from the process 
of rolling with two types of asymmetry. 
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3. CONCLUSIONS 

Based on the results of the numerical and physical modelling of the process of asymmetric rolling of plates of 
low-carbon steels with micro-additives, the following conclusions have been drawn: 
 the introduction of the sole kinetic asymmetry to the rolling process causes the band to bend towards 

the upper roll for the entire examined range rolling process parameters; 
 by using both the kinetic and geometric asymmetries in the rolling process, a straight band can be 

obtained for all the examined cases; 
 in the case of using the kinetic asymmetry in the rolling process for small reduction values (ɛw = 0.10 

and 0.15), a slight (several percent) increase in the value of the average pressure force pj is obtained, 
while for a reduction of ɛw = 0.25, a decrease by a few percent; 

 the introduction of the kinetic and geometric asymmetry to the rolling process causes a reduction of the 
average pressure force pj for the entire examined range of rolling parameters; 

 the introduction of the kinetic as well as the geometric asymmetry to the rolling process has the effect 
of refining the structure of the rolled material as compared to its initial state, which is the higher, the 
larger the unit reduction is used. 

Based on the obtained results of the theoretical studies and experimental tests of the process of asymmetric 
rolling of micro-additive low-carbon steel plates it can be stated that the simultaneous introduction of the 
geometric and kinetic asymmetry has an advantageous effect on the stress and strain states, which yields a 
finished product with a refined structure, while reducing the levels of energy and force parameters.  
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Abstract 

The paper is focused on the definition of a suitable material model of the titanium alloy, which is subsequent 
used for the numerical simulation of drawing process and the material spring-back by the FEM. Simulation of 
drawing process and subsequent spring-back was done in the environment of the simulation software PAM-
STAMP 2G. In this simulation were used material models as Hill 48 and Vegter. These material models were 
defined in a version with isotropic and kinematic (Yoshida model) hardening of material. For a definition of 
these models, there was necessary to know the individual characteristics of material. Needed material 
characteristics were determined by the selected material tests. Results obtained by numerical simulations were 
compared with the results that have been measured by the real experiment of own stamping production. 

Keywords: Drawing, spring-back of materials, numerical simulation, isotropic and kinematic hardening  
                     material model 

1. INTRODUCTION 

These days is titan and its alloy still more and more used in the technical practice as well as in the other 
branches of industry. Such reality is mainly given due to fact that there is put an accent on the lowering of 
mass of parts at keeping their mechanical properties as can be e.g. ultimate strength, ductility and other 
properties which characterize application possibilities for the given material. In light of its strength, titan offers 
the same results as common construction steel, but on the other hand it has much lower Young´s modulus 
(approx. by 50%). Titan and its alloys have higher ratio of strength and density in comparison to the common 
construction steels and such fact makes possible to achieve a truly huge weight reduction by their utilization. 
These presumptions make from the titan and its alloys ideal material to be used not only in the engineering 
industry. However, lack of experience about its processing and production and mainly the much higher cost 
(compare to construction steels) force us to properly consider its application possibilities. [1] 

The major aim of this paper was to determine proper material model for prediction spring-back of Ti-alloy and 
also methodology how to obtain necessary material properties which can be used for material model definition. 
Such material model was then used for the numerical simulation in the software PAM-STAMP 2G. As a testing 
material for the individual material tests and also the real experiment there was used titanium alloy Ti-CP AMS 
4911 6Al-4V. The own obtaining of all needed material properties, definition of material models, numerical 
simulation and the real experiment are subsequently described in the following chapters. 

2. METHODOLOGICAL BASES AND EXPERIMENTAL PART 

In this chapter are described the individual material tests, which are necessary to obtain all needed material 
characteristics to define material model that is subsequently used in the numerical simulation. 

2.1. Standard static tensile test 

Static tensile test was performed to obtain basic mechanical properties of the tested material. By means of the 
static tensile test was determined the proof yield strength Rp0.2, ultimate strength Rm, total ductility A80mm, 
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uniform ductility Ag and Young´s modulus E. There were used flat tensile specimens and directions regarding 
the rolling direction in 0°, 45° and 90° (Figure 1 - left).  

Static tensile test was performed on the testing device TIRA Test 2300 equipped with the common length 
gauge MFN-A-4-500. Subsequent evaluation was realized by means of software LabNET. Final values are 
given as arithmetic mean from 3 measurements in the Table 1. 

  

Figure 1 Contractual diagram of tensile test (left) and approximation by Krupkovsky (right) 

Moreover, approximation of the true stress-strain curve according to the Krupkovsky (Figure 1 - right) equation 
was done to determine the strength coefficient C, strain hardening exponent n and offset of deformation φ0. 
This approximation was performed in the software ORIGIN PRO 9 and results are also given in Table 1. 

Table 1 Overview of tensile test results and approximation coefficients 

Rolling 
direction 

Coefficient 
of normal 
anisotropy 

(-) 

Yield 
strength 
(MPa) 

Ultimate 
strength 
(MPa) 

Uniform 
ductility  

(%) 

Total 
ductility  

 (%) 

E 

(MPa) 

Deformation 
for ultimate 

strength 

(-) 

C 

(MPa) 

n 

 (-) 

φ0  

(-) 

0° 0.8659 456.2 591.6 13.94 24.41 106199 0.12409 941.305 0.1665 0.0125 

45° 2.3642 514.6 574.4 9.25 25.16 106199 0.08266 888.658 0.1515 0.0188 

90° 2.6109 563.9 627.8 12.37 24.94 106199 0.11003 1031.737 0.1849 0.0192 

2.2. Determination of normal anisotropy coefficients 

Because testing material is not perfect monocrystal, but has a polycrystalline structure, it has different 
properties in the different directions, thereby the anisotropy takes place. To determine the normal anisotropy 
of tested material, there was also necessary to perform another test for different direction regarding the rolling 
direction - namely in the directions 0°, 45° a 90°. It was again the static tensile test, but in this case only up to 
the engineering strain εENG = 20%. By means of this test was determined the normal anisotropy coefficient ra. 
Such coefficient is computed from the initial and final dimensions of testing sample L0 and B0 as well as L1 
and B1. Results of normal anisotropy coefficients for different directions are given in Table 1. 

2.3. Hydraulic bulge test (HBT) 

Hydraulic bulge test (or equi-biaxial stretching by means of liquid pressure) was carried out with aim to simulate 
multi-axial loading for definition the Vegter material model. HBT was performed by hydraulic press CBA300/63 
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and jig for equi-biaxial loading of samples. The basic principle of test is to load sample uniformly along plane 
axis by oil pressure up to its failure. The whole test was scanned by the optical system ARAMIS. 

Values measured by the HBT were subsequently used for computation both effective stress σi and effective 
strain φi. Moreover, these values were also used to determine approximation coefficient (again strength 
coefficient C, strain hardening exponent n and offset of deformation φ0) acc. to the Krupkovsky equation. 

These quite important values (C, n and φ0) are summarized in Table 2. Note that in this case they are for the 
another state of stress (equi-biaxial stretching) than that ones in Table 1 (uniaxial tension). That´ s also a 
reason why are now these values much higher than from the common static tensile test. [2] 

Table 2 Overview of hydraulic bulge test results and approximation coefficients 

C 

(MPa) 

n 

(-) 

φ0 

(-) 

Deformation for 
ultimate strength 

(-) 

φ90/φ0 

(-) 

1496.153 0.3117 0.0317 0.340 1.19015 

2.4. Plain strain tensile test 

Also so-called plain strain tensile test was used to determine the dependence of true stress on the true strain 
(another true stress-strain curve). For this test is valid one condition - deformation on the width direction equals 
zero (Figure 2 - left). Results of this plain strain tensile test (Figure 2 - right) are subsequently also used for 
definition the Vegter material model. Test was performed on the tensile test in the similar manner like in the 
case of the static tensile test. The whole course of test was recorded up to failure of the testing sample (in the 
notch area). [3] 

 

 

Figure 2 Testing sample for the plain strain test (left) and stress-strain curve from the plain strain test (right) 

2.5. Cyclic test 

This test was used to determine courses of true stress and true strain during the cyclic loading. Such cyclic 
loading was done as a symmetrical variation of tensile and compressive loading of testing sample. The whole 
test was performed on the testing device TIRA Test 2300, now equipped with the special testing jaws (Figure 3 
- left) which make possible such type of loading and prevent the sample from buckling. During this test takes 
effect also so-called Bauschinger effect (i.e. that yield strength varies due to the combined loading). [4] 
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Figure 3 Testing jaws for cyclic test (left) and stress-strain curve from the cyclic test (right) 

2.6. Experimental measurement of the spring-back 

The real bended sample was prepared by means of the bending tool which consists of die, punch and blank 
holder. Process of production for this sample is combination of bending and drawing. After production of the 
real sample, there was necessary to obtain its contour for its subsequent comparison with FEA. Such contour 
was scanned by means of 3D coordinate measuring machine. The experiment is shown in Figure 4. 

   

Figure 4 Tool for production of real sample (left) and final contour of sample after experiment (right) 

3. NUMERICAL SIMULATION OF THE SPRING-BACK 

For the numerical simulation there were used two materials models termed as Hill 48 and Vegter. Both of these 
material models were applied as isotropic and kinematic (Yoshida) hardening of material.  

3.1. Definition of the material models 

Material model Hill 48 makes possible to compute with the directional dependence of the mechanical properties 
(anisotropy). Such material model is defined by Young´s modulus E, Poisson´s ratio μ, density ρ and normal 
anisotropic coefficients in directions 0°, 45° and 90°. Isotropic hardening of material (Figure 5 - left) is defined 
by the strain hardening mean curve that was measured from the static tensile test. Kinematic hardening of 
material (Figure 5 - right) is defined by the hysteresis loops that were obtained from the cyclic test. 
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Figure 5 Definition of material model Hill 48 as isotropic (left) and kinematic one (right) 

For definition of the Vegter material model are used Young´s modulus E, Poisson´s ratio μ, density ρ and 
normal anisotropic coefficients in directions 0°, 45°, 90° and biaxial anisotropy. Moreover, there are also used 
results from the plain strain test and HBT. Isotropic hardening of material (Figure 6 - left) is defined by the 
strain hardening mean curve that was measured from the static tensile test. And again, kinematic hardening 
of material (Figure 6 - right) is defined by the hysteresis loops that were obtained from the cyclic test. [3, 4] 

 

 

Figure 6 Definition of material model Vegter as isotropic (left) and kinematic one (right) 

3.2. Numerical simulation 

Numerical simulation was performed by the software PAM-STAMP 2G which works on the basis of FEM. By 
such simulation there was simulated sheet metal forming process for sheet stamping which corresponds to 
the real experiment. After computation of FEM, it was exported a curve to define the contour of sheet.  
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Figure 7 Course of simulation in the software PAM STAMP 2G (left) and result of simulation (right) 

3.3. Comparison of results from the real experiment and the numerical simulation (PAM-STAMP 2G) 

In Figure 8 (left) is shown the comparison of the used material models Hill 48 and Vegter model. From this 
figure is evident that there aren´t almost any differences between these two models. In Figure 8 (right) is 
shown the comparison of material model with the isotropic and kinematic hardening of material. There is 
already a visible difference between isotropic and kinematic hardening. Moreover, in Figure 8 (right) can be 
compare results from the FEM with the contour of the real sample.  

Figure 8 Comparison of models Hill 48 and Vegter (left) and comparison of the isotropic hardening model, 
kinematic hardening model as well as the contour from the real sample (right) 

4. CONCLUSION 

The major aim of this paper was to determine and to define the material model, which can be used for the 
tested titanium alloy and numerical simulation by the software PAM-STAMP 2G. Because of that, there were 
chosen two material models termed as Hill 48 and Vegter. Both of these models were subsequently used with 
the isotropic and kinematic (here acc. to Yoshida model) hardening of material. Aim of the material model 
selection was to characterize deformation behavior of tested material with the highest accuracy. Material 
models were defined by means of material characteristics which were measured by the chosen materials tests 
(static tensile test, HBT, plain strain test, cyclic test).  

There wasn´t found any significant differences of shape contour at comparison Hill 48 and Vegter models. 
Some small differences were revealed at comparison of models with the isotropic and kinematic hardening of 
material. Here were found deviations in the spring-back angle of outer radii area and also in the total height of 
product. There was also performed the real sheet forming of tested titanium alloy Ti-CP AMS 4911 to have the 
contour of real product. From the final comparison of this real contour with the isotropic and kinematic material 
hardening models (see Figure 8 - right) is evident that the ideal material model would lie just on the boundary 
of these two models - because in light of the outer radii and spring-back angle of the outer parts of product is 
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real product closer to the kinematic (Yoshida) model, but in light of the total height of product is real product 
closer to the isotropic model.  
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Abstract  

The aim of the paper was to determine the parameters of recrystallization annealing for cold-rolled sheets 
prepared from steel X60MnAl30-9. Tested steel is characterized with high resistance and ductility but due to 
the addition of  9%Al it meets the criterion of the so-called “light steel”. Microstructure and properties of metal 
sheets are mainly dependent on temperature and time of annealing which in continuous processes should be 
as short as possible. Tests of microstructure and mechanical properties for given parameters enabled the 
choice of the optimum parameters of the process to achieve the best possible relation of the resistance 
properties and the plastic properties.  

1. INTRODUCTION  

Application of new, highly-resistant steels with high formability in automotive industry leads to substantial 
decrease of vehicle weight [1]. At the same time we can observe improvement of safety during crash thanks 
to high absorption of energy which the elements made of such steel feature. High-manganese austenitic steel, 
in which research centres are currently interested, is characterised by extremely high formability and 
substantial strength. Capability of energy absorption is also much bigger in this case in comparison with 
conventional steels. Such a set of features can be explained by the presence of alternative strain mechanisms, 
such as: creation of twins (TWIP effect) [2-6], phase transitions produced by strain (TRIP) and plasticity 
induced by shear bands [7, 9]. Optimum content of manganese in TWIP steels is ca. 20-35% by mass and the 
content of coal and other elements in total does not exceed 0.003 - 0.6% by mass. Wide application of TWIP 
steels is hindered by difficulties connected with their production and processing. Development of this group of 
steels, implementation to large-scale production and application as structural material is conditioned by 
improvement of their plasticity in room temperature and hot processing. By proper selection of chemical 
composition, modification of initial microstructure, grain refinement and application of suitable thermal and 
plastic working, it is possible to obtain optimum connection of mechanical and plastic properties. Moreover, 
the procedure of materials selection for automotive industry requires tests of mechanical properties as a 
function of strain rate, because at high strain velocity, typical for car crash, mechanical strength is substantially 
changed [1]. Currently at the Silesian Technical University tests of new steel with high content of manganese 
and aluminium, indicated as X60MnAl30-9 and designed for constructional elements for automotive industry, 
are carried out [9]. This article presents the results of tests of microstructure and mechanical properties of 
sheet from Mn-Al steel with duplex austenitic-ferritic microstructure after clod working. Presented results are 
crucial for elaboration of production technology of this group of steel. 

2. EXPERIMENTAL PROCEDURE 

The material tested is the high-manganese steel X60MnAl30-9 The steel fabrication technology was developed 
by smelting in the inductive vacuum furnace VSG 100S manufactured by PVA TePla AG.This type of furnace 
makes it possible to obtain favorable conditions for obtaining the required composition and high purity steel. 
Casting took place under an atmosphere of argon, using an intermediate ladle that had been heated to a water-
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cooled copper catalyst. The catalyst has a square cross section measuring 100 x 100 mm and a height of 1100 
mm.  

The next stage was rolling the ingots in Institute for Ferrous Metallurgy, it took place in several stages. Initially, 
the charge was hot rolled into square sections of 33 mm, the next step was to obtain flat bars of 20 mm 
thickness, then the material was rolled to a thickness of 12 mm, in the next step the thickness was reduced to 
6mm, the next step was to achieve thickness of 3mm and finally flat bars 2 mm. The temperature of the batch 
heating and steel rolling was chosen by taking into account the plastic properties, the chemical composition, 
and the final product requirements, and for heating 1180 °C and rolling 1150 °C. Rolling was done at a speed 
of 1 m / s. Finally, the element underwent cold rolling to a thickness of 1mm. Rolling underwent on 4 passes 
with the following reduction of thickness: 1.96 mm → 1.56 mm → 1.29 mm → 1.06 mm. Annealing was 
conducted with furnace Carbolite EAF 11/6 in temperature range 700-1000 °C with holding time of 15 and 30 
minutes. 

There was a static tensile test performed after rolling of the rods. The rods after rolling were used to prepare 
samples with round cross-section to test the mechanical properties in accordance with norm  
PN-EN ISO 6892-1. Tests were conducted on testing machine Zwick/Roell Z100. On the basis of test the 
following parameters were marked: Ultimate tensile strength (UTS), Yield point (Rp0.2), elongation (A5). 
Hardness measurement was conducted with the use of hardness tester Zwick type 3212002/00. 
Metallographic test was conducted on light microscope type Olympus GX51 with magnification in range 
200÷1000×. In order to conduct quantitative analysis of pearlite areas the images were registered on scanning 
microscope with magnification up to 15000×. SEM analysis were carry out on scanning microscope Hitachi S-
3400N. 

3. RESULTS AND ITS DISCUSSION 

After cold rolling both the austenite grains and the ferrite bands undergo elongation towards the direction of 
rolling as presented in Figure 1a. In the next stage the material went through the recrystallisation annealing in 
temperature range of 750 - 1000 °C with holding time of 15 and 30 minutes. After annealing in temperature of 
750 °C the division of ferrite bands occurs. After annealing for 15 minutes there were no processes of 
recrystallization occurring inside the area of austenite grains, which is shown in Figure 1b. Not until 30 minutes 
passed was it visible that partially recrystallized austenite grains are present, as shown in Figure 1c. 

   
a) b) c) 

Figure 1 Description om next page 

It was observed that after annealing in temperature of 800 °C and holding time of 15 minutes some areas of 
small recrystallized austenite grains are present and it is proved by the presence of annealing twins. It is also 
possible to notice the decrease of the participation of the ferrite bands and the appearance of the small globular 
divisions, as shown in Figure 2a. It was also noticed that after holding for 30 minutes in temperature of 800 °C 
the austenite grains grow, which can be seen in Figure 2b. After annealing in temperature of 850 °C it can be 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

461 

seen that the further growth of recrystallised grain of austenite occurs and there is a decreased participation of 
ferrite bands observed, as shown in Figure 2c.  

In the observation of the structure after annealing in temperature of 900 - 1000 °C it was found that the growth 
of the recrystallized austenite grains continues with the presence of many annealing twins and the bands of 
ferrite as well as globular division disappear and now only singular bigger divisions can be seen. 

   
a) b) c) 

Figure 2 Microstructure of steel after cold rolling and annealing 

Results of hardness measurements of each of the samples are shown Figure 3. On the basis of the results 
analysis one can observe a significant drop in the hardness of samples which were annealed in comparison 
with the initial condition. Together with the temperature increase the hardness of the samples gradually drops. 
In temperature range from 750 - 1000 °C there was a drop of hardness by about 25 %. Time extension for 
holding in a given temperature caused an average decrease of hardness by about 1.5 %.  

A summary of the results of the mechanical properties tests is shown on Figure 4 and in Table 1. The analysis 
shows that the higher the temperature of the annealing the lower the strength properties which gradually 
decrease. There is a significant decrease of the strength after annealing in 800 °C. The drop in strength is 
directly connected with the increase in plasticity of the given material which in this case improves its 
productibility. It should be pointed out that even after annealing in temperature of 900 °C the value of tensile 
strength does not drop below 1000 MPa. Together with the increase of annealing temperature there is a drop 
in yield stress observed. Elongation increases together with the increase of annealing temperature, but it 
should be pointed out that it does not exceed 50% in any of the cases. 

Figure 3 Results of hardness HV 1 measurements 
samples after cold rolling and annealing 

Figure 4 Results of static tensile test samples after 
cold rolling and annealing 
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Table 1 Results of static tensile test of samples after cold rolled and annealing  

Annealing temperature,  ⁰C / Holding time, min. 
Rp0.2 

MPa 

UTS 

MPa 

A5 

% 

700 / 30 950 1180 12.5 

800 / 15 805 1100 34 

800 / 30 780 1080 36 

850 / 15 735 1060 38 

850 / 30 700 1045 40 

900 / 15 660 1020 43 

900 / 30 635 1000 46 

SEM analysis conducted for particular areas and characteristic points in the microstructure of steel. The 
presence of steel, manganese, aluminium and silicon was found present in the micro-areas and was shown in 
Figures 5, 6. In the areas of austenitic matrix (area 1) there is a significant dominance of the manganese 
content (37 %) and lower content of aluminium (5 %), whereas in the areas of ferrite bands (area 2) there are 
places observed which are richer in aluminium (6.5 %) and where the content of manganese is lower (28.5 %). 
The areas 3 and 4 are located in globular divisions areas and show an average aluminium content and are 
probably divisions of carbides type (FeMn)4.   

       
Figure 5 Microstructure (SEM) of X60MnAl30-9 steel after annealing at 800 °C/ / 15 min (a) 

and 900 °C / 15 min (b)  

During the observation of substructure with the use of STEM microscope it was found that in case of cold 
rolling and annealing in 800 °C for 15 minutes the advanced process of recrystallization occurs which is proved 
by the presence of significant number of sub-grains and the presence of migrations of high-angle grain 
boundaries (Figure 7).  

Dislocations within areas of sub-grains as well as a big number of formed annealing twins in sub-grain areas 
were also observed. In case of observation of sample annealed in temperature of 900 °C for 15 minutes it was 
found that the process of recrystallization here is much more advanced. The amount of present dislocations is 
decreased here and the migration of high-angle grain boundaries is smaller. There are more significantly bigger 
subgrains present with flat boundaries. The advanced recrystallization process can also be proved with the 
presence of a large number of annealing twins.  
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                                        a)                                             b) 

Weight % 

  Al-K  Si-K  Mn-K  Fe-K 

x60-MnAl-30-9 800C(1)_pt1     4.9     0.4    37.3    57.4 
x60-MnAl-30-9 800C(1)_pt2     6.5     0.4    28.5    64.7 
x60-MnAl-30-9 800C(1)_pt3     3.6     0.2    35.8    60.4 
x60-MnAl-30-9 800C(1)_pt4     2.6     0.2    37.3    59.8 

c) 

Figure 6 Microstructure (SEM) of X60MnAl30-9 steel after annealing at 800 °C / 15 min (a), (b) EDS 
spectrum, ) c) weight % of elements in selected area 

   
                                   a)       b) 

Figure 7 Substructure of X60MnAl30-9 steel after annealing at 800 °C / 15 min (a) and 900 °C/ 15 min (b) 

CONCLUSION 

1) Tested steel is characterised with two-phase ferritic-austenitic structure. During recrystallisation 
annealing the fully recrystallised structure is present after annealing in temperature of 800 °C. Further 
temperature increase and extension of holding time causes the growth of recrystallised grains. 
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2) The ferrite which is present in microstructure on the longitudinal section shows a band structure along 
the direction of rolling. Together with the annealing temperature increase the amount of ferrite 
decreases.  

3) In the substructure, there are well-developed subgrains with a big amount of annealing twins and small 
density of defects such as dislocations, which prove the proceeding process of static recrystallisation. 

4) There were differences found between the chemical composition in the areas of austenite and ferrite. 
The regions of ferrite are richer in aluminium whereas the areas of austenite are characterised with 
increased amount of manganese.  

5) It was found that the annealing temperature has influence on the strength properties and plastic 
properties and that together with the rise of the temperature of recrystallisation annealing the resistance 
properties and the offset yield strength decrease. Plastic properties in temperature range 800 - 900 °C 
slightly increase. There is a significant drop in strength observed after exceeding 750 °C, because above 
that temperature the hard phase (FeMn)4 does not form. It was stated, for all described options that the 
tensile strength is bigger than 1000 MPa.  

6) The most beneficial option when taking into account the manufacturing technology is the option with 
annealing at a temperature of 800 °C and holding time of 15 minutes. Elevation of temperature and 
holding time may lead to disadvantageous oxidation of the material as well as to grain growth. When 
the need arises to prepare more complex burrs the annealing in temperature 850 - 900 °C can be 
applied. 

7) It was stated that there is a possibility to prepare metal sheets from steel X60MnAl 30-9 with high 
strength values, including the yield point on the level of 800 MPa with elongation to rupture not exceeding 
40 %. It shows, that the tested steel can be applied as the element of motor-car body for vehicles built 
from thin metal plates with thickness of about 1mm. Metal sheets prepared from this type of steel may 
prove to be a better alternative to the currently applied metal sheets from DP steel (dual-phase steel).   
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Abstract  

The paper presents the results of numerical modelling of fixed-end hot torsion testing for conditions 
characteristic of the STD 812 torsion plastometer. The material used for the tests was a hard deformable 
aluminium alloy in grade 5019. The FORGE 2011®, a finite element method-relying software program, was 
used for numerical modelling. The obtained numerical modelling results were compared with results obtained 
from an actual torsion test using the STD 812 torsion plastometer. The performed numerical analysis enabled 
the determination of the stress and strain states and the temperature in the investigated aluminium alloy. 
Numerical modelling of the torsion test carried out in accordance with real experimental testing conditions 
makes it possible to determine the representative area for possible metallographic examinations. 

Keywords: Numerical modelling, hot torsion test, hard deformable aluminium alloy 5019 

1. INTRODUCTION  

A natural feature of the torsion test is the unevenness of the deformation parameters, strain rate and 
temperature on the cross-section and longitudinal section of the material under torsion. On the cross-section 
of the torsion material, all the above-mentioned materials attain the highest values on the surface and decrease 
towards the sample axis [1]. The effect of this unevenness should be taken into account by calculating the 
deformation parameters for the so-called representative radius, where the deformation parameter values 
correspond to the average values on the cross-section [1]. The differentiation of the deformation and strain 
rate values depending on the analytical relationships used, which relate the effective strain with the redundant 
strain, may cause the equivalent radii to assume different values [1]. As shown by studies, including references 
[1÷2], 2/3 r, 0.6 r, 0.724, or 0.75 r is proposed in the technical literature as equivalent radii, where r denotes 
the radius of the torsion specimen. 

Numerical modelling of the torsion test, carried out in accordance with real experimental testing conditions, 
enables, inter alia, the representative area for possible metallographic examinations to be determined. Based 
on the obtained results, it is also possible to analyze the strain and stress states within the entire volume of 
the material. This is particularly important in the case of a complex deformation scheme [3] (e.g. simultaneous 
torsion with tension or simultaneous torsion with compression). Numerical analysis of the torsion test enables 
also the determination of the degree of unevenness of deformation parameters for different materials and 
different dimensions of the working portion of torsion specimens in a wide range of deformation parameters 
and temperature. The investigation results reported in the paper make an introduction to a further analysis of 
phenomena occurring in different materials during their deformation in the STD 812 torsion plastometer. 

2. THE AIM, SCOPE AND METHODOLOGY OF THE INVESTIGATION  

The purpose of the paper was to numerically represent the fixed-end hot torsion test for conditions 
characteristic of the STD 812 torsion plastometer. Numerical modelling, carried out in accordance with real 
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experimental testing conditions, enables, inter alia, the determination of the representative area for possible 
metallographic examinations. Based on the obtained results, it is also possible to analyze the strain and stress 
states within the entire volume of the material.  

The investigation described in the paper was carried out for a hard deformable aluminium alloy, grade 5019. 
The FORGE 2011®, a finite element method-relying software program, was used for numerical modelling [4].  

At the first investigation stage, the fixed-end hot torsion test was performed using the STD 812 torsion 
plastometer. The tests were conducted at a temperature of 480 °C and at a strain rate of 0.25 s-1. The total 
actual deformation was 5. The dimensions of the specimen working portion were as follows: the diameter, d = 
8 mm; and the length, l = 20 mm. The temperature was controlled using a K-type (NiCr-NiAl) thermocouple. 
The next investigation stage included numerical modelling of the torsion test was performed using the 
commercial software program Forge 2011®, according to the real testing conditions. At the last investigation 
stage, the numerical modelling results were compared with the results obtained from the actual torsion test.  

3. ANALYSIS OF THE INVESTIGATION RESULTS  

The chemical composition of the 5019 grade hard deformable aluminium alloy is given in Table 1.  

Table 1 Chemical composition of the 5019 aluminium alloy [5] 

Constituent contents [%] 

Si Fe Cu Mn Mg Cr Zn Ti Al 

0.246 0.146 0.004 0.567 5.54 0.002 0.026 0.019 Rest 

During testing, the uneven distribution of temperature across the specimen length was taken into account. To 
accurately determine the temperature distribution, temperature measurements were taken by a contact 
method using the K-type (NiCr-NiAl) thermocouples (Figure 1). The obtained results were taken into account 
in the proper tests (Figure 2). 

  
Figure 1 A 5019 aluminium alloy 

specimen in a thermocouple 
welding machine 

Figure 2 The actual distribution of temperature across the length of 
the 5019 aluminium alloy specimen, as determined by the contact 

method 

The actual rotational speed during the torsion test as a function of time is represented in Figure 3. For the 
specimen dimensions under analysis and in the examined range of strain rates and strain magnitudes, the 
rotational speed was 20.5 rpm. 
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Figure 3 Variations in the rotational speed of the STD 812 torsion plastometer motor during the torsion of 
5019 aluminium alloy specimens 

In order to numerically represent the torsion test it was necessary to determine the rheological properties of 
the examined alloy, which were published in work [5]. To implement these properties in the material database 
of the Forge 2011® program, the experimental testing results were approximated with Equation (1) [6]. The 
coefficients of this equation are given in Table 2. A sample diagram representing the stress variation as a 
function of strain within the examined deformation parameter range and temperature is shown in Figure 4. 
From the obtained results it was found that that the values resulted from the approximation corresponded with 
high accuracy to the actual stress values determined in the torsion test experiment. The numerical modelling 
was performed in accordance with the experimental testing conditions, at a constant temperature. 

TmmmTm
m

mmTm
p eeteA   8375

4
291 )1(     (1) 

where:  
p - flow stress [MPa], T - temperature [ºC], ɛ - actual strain,  - strain rate [s-1], A, m1÷m9 - coefficients.  

Table 2 The values of parameters A and m1÷m9 used for the determination of the value of p of the 5019  
             aluminium alloy 

A m1 m2 m3 m4 
0.2715530 -0.0095775 -0.0823773 -0.2465 -0.002 

m5 m7 m8 m9  
0.0001 -0.032 0.0010150 1.6514300  

 

Figure 4 The aluminium alloy flow curves: temperature, 4800 °C; red colour - plastometric test results; 
black colour - results after approximation 

The variations in torsional moment obtained in hot torsion of the 5019 aluminium alloy in the torsion plastometer 
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and from numerical computations, respectively, are shown in Figure 5, while The flow stress value was 
determined based on the numerically determined torsional moment according to relationship (2) [5]. 

 
(2) 

where: r - specimen radius, M - torsional moment. 

 

Figure 5 The torsional moment in the torsion of the 5019 aluminium alloy in the STD 812 torsion 
plastometer and the torsional moment determined numerically using the Forge 2011® program 

 
Figure 6 The flow stress in the torsion of the 5019 aluminium alloy in the STD 812 torsion plastometer 

and the flow stress determined from Equation (2) 

When examining the data in Figure 5, one can observe a characteristic peak of torsional moment value at the 
beginning of the torsion process, followed by a steady decrease in torsional moment value with the increase 
in deformation. By comparing the torsion moment values obtained during experimental tests with those 
determined numerically, a good agreement between the the obtained results can be found. Slight differences 
that occurred after a deformation time of 6 s and grew as the deformation increased, did not exceed 8%. As 
can be seen from the data in Figure 6, they did not affect the high consistence of the flow stress determined 
from Equation (2) based on the numerically computed torsional moment.  

Figure 7 shows the numerically determined distribution of temperature in the examined aluminium alloy 5019. 
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a) b) c) 

 
Figure 7 Distribution of the temperature of aluminium alloy 5019 during hot torsion - temperature 480 °C; 

strain rate, 0.25 s-1: a) temperature distribution at the beginning of torsion - the longitudinal section; b) 
temperature distribution at the end of torsion - the longitudinal section; c) temperature distribution and the 

end of torsion - the cross-section in the middle of the specimen working portion 

By examining the data in Figure 7 it was found that the initial 5019 aluminium alloy specimen temperature 
distribution set at the beginning of the torsion test (Figure 7a) did not change throughout the hot torsion 
process (Figure 7b). In the case under examination, the temperature difference along the specimen working 
portion with a length of l=20 mm and a diameter of d=8 mm amounted to 20 °C. The highest temperature 
values across the examined specimen length occurred in the middle part of the specimen. When analyzing the 
temperature distribution on the cross-section in the central part of the specimen (Figure 7c), the highest 
temperature values were found to occur at the surface. In the examined case, the temperature difference on 
the cross-section of the investigated alloy was 5 °C.  

The distribution of strain intensity, strain rate intensity and stress intensity within the entire volume of the 
working portion of the investigated material is illustrated in Figures 8÷10. 

a) b) c) 

  

Figure 8 Distribution of the strain intensity of aluminium alloy 5019 during hot torsion - temperature, 480 °C; 
strain rate, 0.25 s-1: a) longitudinal section; b) cross-section - the middle of the working portion;  

c) perspective 
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a) b) c) 

 
  

Figure 9 Distribution of the strain rate intensity of aluminium alloy 5019 during hot torsion - temperature,  
480 °C; strain rate, 0.25 s-1: a) longitudinal section; b) cross-section - the middle of the working portion;  

c) perspective 

a) b) c) 

 
  

Figure 10 Distribution of the stress intensity of aluminium alloy 5019 during hot torsion - temperature,  
480 °C; strain rate, 0.25 s-1: a) longitudinal section; b) cross-section - the middle of the working portion;  

c) perspective 

Based on the analysis of the data in Figures 8÷10, an unevenness of the examined parameters can be 
observed both on the cross-section and on the longitudinal section. The smallest cross-sectional unevenness 
was observed for stress intensity. For the examined 5019 grade aluminium alloy specimens with working 
portion dimensions of l=20 mm and d=8 mm in the examined range of strain parameters and temperature, the 
representative area (radius) is the 2/3 of the specimen radius. 

4. CONCLUSIONS  

Based on the numerical analysis of the torsion test in the STD 812 torsional plastometer, the following 
conclusions have been drawn: 

 the torsional moment values for aluminium alloy 5019, as determined numerically, are close to the 
values measured in the hot torsion test using the STD 812 torsional plastometer; 
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 the computed values of the flow stress of the investigated material correspond with a high accuracy to 
the experimentally determined values; 

 the boundary conditions adopted for numerical modelling were defined correctly; and 
 the numerical analysis of the hot torsion test enabled the determination of, inter alia, the strain and stress 

states and the temperature within the entire volume of the material under torsion. 
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Abstract 

In this paper, the forming process of the bearing housing element of a fan engine is investigated. Because the 
bearing housing is subjected to corrosion and a heat-resistant environment, this part is made of AMS5604 
stainless steel. Due to the specific mechanical properties of the AMS5604 alloy, that is, a high ratio of yield 
stress to ultimate tensile strength, the forming process must be realized under special conditions. To achieve 
a suitable shape and dimensional accuracy of the final part, the forming process is divided into two stages. 
Firstly, a rubber-pad forming process is applied. Next, the part heated to the temperature of 830 ºC is calibrated 
in a grease-lubricated stamping die. The distribution of the drawpiece shape error is obtained by the system 
GOM ATOS Core. The results of SEM metallographic evaluation and analysis of the chemical composition by 
using energy dispersive X-ray spectrometry are also presented. 

Keywords: AMS5604, fan engine, rubber-pad forming, springback, stainless steel, warm forming 

1. INTRODUCTION 

The continuous development of new technologies, market competition, or strive for continuous improvement 
of product quality to seek solutions to support decision-making processes at the stage of pre-production. At 
the moment, it is difficult to imagine the functioning of a modern industrial plant, where at the design or 
production stage, the benefits of modern design and decision-making systems can be overlooked. The 
aerospace industry is characterized by a very large complexity of manufacturing processes, starting with the 
classic stamping processes using rigid tools, through unconventional forming processes such as for example, 
forming using rotary tools [1] and finally,  to the design of welding processes components necessary for the 
production of aircraft engines [2]. The springback phenomenon is one of the key problems in determining the 
quality of drawpieces, in particular in forming titanium alloys and high-strength steels, including stainless steels. 
The change in the shape of the formed elements is a result of the relaxation of internal stresses after unloading 
[3]. The phenomenon of changes in the geometry of drawpieces with complex geometry is also the result of 
the non-homogeneous state of strain in a cross-section of bent sheet metal [4], which depends on the 
mechanical properties of the bent material; the geometric parameters of the bending process, that is, the angle 
and radius of bending, the width and thickness of the sheet, and the ratio of width to thickness of the material; 
and the technological parameters of forming such as the strain rate and temperature, the yield strength of the 
sheet material, the tendency to strain hardening, the frictional phenomena, and the material microstructure [5-
7]. Forming temperature is one of the basic parameters in materials processing technologies. Heating reduces 
the resistance to deformation, ensuring appropriate deformability of the material [8].  

In this paper, the forming process of the bearing housing of a fan engine is investigated. The formed element 
is made of stainless steel AMS5604, which is hard to form in cold conditions. To achieve a suitable shape and 
dimensional accuracy of the final part, the forming process is divided into two stages: rubber-pad based 
forming and calibration at warm temperature. 
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2. MATERIAL 

The fan engine bearing housing is made of hardenable martensitic AMS5604 stainless steel sheet with a 
nominal thickness of 1.00 mm. The chemical composition of the tested sheet is presented in Table 1.  
A tensile test was carried out according to EN ISO 6892-1:2009 [9] on a universal testing machine to determine 
the mechanical properties. The properties determined in this test are the yield stress σy, ultimate tensile 
strength σu, elongation A80, and anisotropy coefficient r. The strain hardening coefficient C and strain hardening 
exponent n are determined based on the approximation of true stress. Stress-strain relation using the Hollomon 
function, σy = Cφn, where φ is the true strain. The samples for the tensile tests were cut in three directions: 
along the rolling direction (0°), transverse to the rolling direction (90°), and at an angle of 45° with respect to 
the rolling direction. Three samples were tested for all directions and the average values of the parameters 
are presented in Table 2. The elastic parameter values, namely the Young’s modulus E and the Poisson’s 
ratio ν, are equal to 210 GPa and 0.3, respectively. 

Table 1 Chemical composition of AMS5604 stainless steel sheet (wt. %) 

C Cr Ni Mn Si Mo Nb 

0.07 16.5 4.0 1.0 1.0 0.5 0.3 

Table 2 Mechanical properties of AMS5604 stainless steel sheet 

Sample orientation 
σu  

(MPa) 

σu  

(MPa) 

Ar 

 (-) 

r  

(-) 

C  

(MPa) 

n  

(-) 

0º 898 1145 0.047 0.76 3794 0.405 

45º 930 1058 0.045 0.93 3633 0.402 

90º 893 1021 0.035 0.95 3158 0.343 

3. METHOD 

The aim of the investigations was to develop the technology for the manufacture of a fan engine bearing 
housing element (Figure 1) in order to ensure that the obtained part has a certain shape and dimensional 
accuracy. The bearing housing is one of the critical structural elements of an engine and the permissible shape 
error of a housing profile is ± 0.25 mm. As the forming material, a sheet rolled into a cone shape is used. 
Before the forming process, the sheet metal is welded using the TIG (Tungsten Inert Gas) welding technique 
without the use of additional material. The weld is tested using Fluorescent Penetrant Inspection (FPI) and 
radiography (X-ray) to detect the following defects: shrinkage cracks, inclusions, gas pores, surface defects, 
leaks, and lack of fusion. Because of the tight dimensional tolerances of the formed tools and possibility of 
their damage during forming, the weld is rolled with a tolerance of protrusion of 0.1 mm. Metallographic 
evaluation by SEM (Scanning Electron Microscopy) and analysis of the chemical composition by Energy 
Dispersive X-ray Spectrometry (EDS) were also carried out.  

 
Figure 1 The fan engine bearing housing element 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

474 

4. RESULTS AND DISCUSSION 

Considering that formed material exhibits a low tendency to plastic deformation (a high value of the ratio of 
yield stress to ultimate tensile strength) and a high value of springback, it was decided to divide the forming 
process into two stages: 

 forming of the blank using a rubber punch (Figure 2); 
 calibration of the drawpiece after heating the material to a suitable temperature. 

Realizing the forming process with the use of flexible tools, that is, rubber-pad based ones, offers many 
advantages such as production flexibility and tool profitability. Flexible tools make it possible to obtain a variety 
of final product shapes, which can be very complicated. The main attraction of rubber forming is its simplicity.  

 

Figure 2 Rubber punch 

Drawing of the intermediate conical shape (Figure 2) takes place in a special device mounted on a 160 MN 
triple-action hydraulic press with independent movement of the punch, die, and pressure pad. When the 
elastomeric punch is in contact with the blank, the chamber of the device is closed by the pressure pad. Further 
upward movement of the press creates a pressure that starts the sheet metal forming process. In the calibration 
process, the elastomeric punch is replaced by the metallic punch. The metallic dies are made of hardened 
Unimax® steel, hardened three-times and their working surfaces are covered by PVD (Physical Vapour 
Deposition) coating. 

After the first stage of forming, the profile of the drawpiece consists of a cylindrical part, which causes blocking 
of the drawpiece in the die. Thus, the die is equipped with a shedder of finished parts. It is possible to minimize 
the springback by changing the selected process parameters and dimensional and shape correction of the 
punch and die [10]. The idea of correction of tools depends on forcing additional overbending of the sheet. 
Two stiffeners (Figure 3) are used at an angle of -5° with respect to the profile of the drawpiece in order to 
ensure the formation of the rounded portions of the profile. Prediction of the final shape is essential for 
designing tools. Moreover, to secure the lower part of the cone-shaped blank against wrinkling, the holder is 
applied to the upper surface of the flange of the drawpiece (Figure 4). 

Taking into account the abovementioned problems in the forming of AMS5604 stainless steel sheet, we 
decided to apply calibration of the drawpiece at elevated temperature. A preformed cone (Figure 4) was 
heated in a radiation-resistant chamber furnace. The drawpiece was heated to a temperature of 830 °C. 
Heating was carried out without a protective gas atmosphere. The process caused surface oxidation, but this 
is acceptable considering the operation of the element. At the stage of moving the sheet from the furnace to 
the die, there is fast transfer of heat into the environment by convection and radiation. The sheet temperature 
at the start of the calibration process was about 560 °C.  
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Figure 3 The fan engine bearing housing element 

 

Figure 4 The shape of the drawpiece after the first forming stage 

After cutting off the auxiliary surfaces of the bearing housing were removed, and the element is welded to the 
steel rings using the TIG welding technique. According to the technical documentation, the permissible shape 
deviations in all sections should be within a tolerance of ± 0.25 mm from the nominal shape, while the deviation 
of the sheet thickness should be within the range of tolerance of ± 0.06 mm. The range of deviations concerns 
the final shape of the drawpiece, that is, after cutting off the technological allowance, which is necessary to 
obtain the correct shape of drawpiece. Due to the complex geometry of the bearing housing, the anisotropic 
properties of the AMS5604 material, and the strong springback phenomenon of the material, it is very difficult 
to obtain both the required profile and a uniformly distributed thinning of the sheet around the perimeter of the 
drawpiece. The analysis of the distribution of the shape error (Figure 5) obtained by the GOM ATOS Core 
instrument system showed that the permissible dimensional deviations of the element were not exceeded.  

Visual examination of the drawpiece fragment showed the occurrence of stains on the surface (Figure 6). 
These changes have a superficial character. Furthermore, spalling is observed in areas of colour change 
(stains). Metallographic examination of the cross-sections revealed a uniform microstructure in the whole 
section except for local changes in oxidation on the surface. There were no significant differences in the 
microstructure between the evaluated samples in the areas beneath stains and without stains. The results of 
the chemical analysis of the drawpiece surface carried out by SEM EDS in the areas marked in Figure 7 are 
presented in Table 3.  
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Figure 5 The distribution of the shape error obtained using the GOM ATOS Core instrument 

  
Figure 6 Stains on the drawpiece surface Figure 7 View of the surface of the drawpiece with 

marked areas where the SEM EDS analysis was 
carried out 

Table 3 Chemical composition of selected areas of the sample (wt. %) 

Point no. O-K Si-K Cr-K Mn-K Fe-K Ni-K Cu-K Ag-L 

1 25.2 0.9 34.8 0.5 33.1 1.6 2.9  

2 24.1 0.9 33.9 0.5 35.5 1.3 2.9  

3 22.3 0.2 6.8 1.0 65.2  3.0  

4 21.7 0.5 15.8 1.0 56.0 0.7 3.0  

5 21.3 0.1 2.1 0.8 68.2  4.0  

6 21.0 0.1 2.3 0.8 68.2  4.2  

7 21.7 0.1 3.1 1.0 65.5  2.9 2.8 

8 25.9 0.2 6.6 1.0 60.3  2.5 1.5 

9 20.2 0.2 2.4 0.9 65.0  3.7  

10 26.0 0.1 5.5 1.0 62.1  2.9  

11 24.9 0.1 1.9 0.8 64.4  4.7  

12 26.7 0.1 3.6 0.8 57.7  2.7 6.7 

The whole surface is covered with oxides. In the sample areas the Ag particles (points 7, 8, and 12) were 
observed. The highest difference in element content is found for Cr. Two types of oxides exist on the sample 
surface: the first type, with a higher amount of Cr, covers the whole surface of the sample (and also the areas 
without stains), and the second type, which contained mainly iron, is visible only in areas of colour change. 
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5. CONCLUSIONS 

In this paper, the rubber-pad forming and warm calibration process stages are applied to form a fan engine 
bearing housing. Based on the experimental results, the following conclusions can be drawn: 

 The application of the rubber-pad based tool eliminated the fractures in drawpieces; 
 The calibration of the final shape of the drawpiece allowed elimination of material shrinkage at elevated 

temperature, so both the shape and dimensions of the drawpiece are within the permissible values;  
 Application of stiffening of the upper and lower parts of the bearing housing at a negative angle with 

respect to the generatrix of the drawpiece made it possible to avoid wrinkling of the material; 
 The distribution of the shape error obtained by the optical 3D measuring GOM ATOS Core device showed 

that the permissible dimensional deviations of the element were not exceeded; 
 Two types of oxides exist on the sample surface: the first type, with a higher amount of Cr, covers the 

whole surface of the sample, while the second type, which contains mainly iron, is visible only in the areas 
of colour change. 
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Abstract 

The paper presents experimental results that concern hydromechanical bulging of copper axisymmetric 
components whose relative wall thickness was s0 / D = 0.045. The investigations aimed to determine the impact 
of degree of deformation on wall thickness distribution in longitudinal section of hydromechanically bulged 
axisymmetric components. The degree of deformation of material was defined as relative upsetting ratio l / l0 
(where l - the punch displacement, l0 - initial length of tube). Changes in the wall thickness distribution in 
longitudinal sections of hydromechanically bulged copper axisymmetric components with different ratio l / l0 

= 0.054 ÷ 0.109 were similar in character. The greatest wall thickening occurred on the radii of body transition 
to the spherical cup. The wall thinning was found to appear in the caps. The wall thickness in the cylindrical 
part of the axisymmetric components was compared with the initial thickness of the tube s0. The maximum 
thickening and thinning of the wall were found in the samples with the greatest l / l0 = 0.109. 

Keywords: Hydromechanical bulge forming, hydroforming, upsetting ratio, axisymmetric components, all 
    thickness distributions 

1. INTRODUCTION 

Hydroforming is a young technology which is currently enjoying increasingly widespread application in industry 
[1, 2]. The hydromechanical bulge forming is one of the hydroforming techniques, appears to be an interesting 
method for the manufacturing pipe connections, including T-pipes, Y-shapes (3-way connectors with an angled 
branch), X-shapes (cross-joints) and axisymmetric components [1-3]. Examples of axially symmetrical and 
local expansion [4, 5] are presented in Figure 1.  

Copper pipe connections are used in 
hydraulic, heating, gas and waste water 
systems. The process is a type of liquid 
pressure forming, in which the external 
upsetting force is additionally applied. It 
consists in placing a tube segment in a 
die-cavity, pouring some liquid over it 
and sealing the faces. As a result the 
liquid pressure rises and the pipe is 
upset [3]. The basic parameters of the 
hydromechanical bulge forming process 
are: liquid pressure and axial loading. A 
special feature of this method is the lack 
of undesired heat effects, cleanness 
and quick joining procedure along with 

 
Figure 1 Axially symmetrical and local expansion [4, 5] 
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an easy implementation [6]. The following failure modes can occur when tubes with a straight longitudinal axis 
are being expanded: buckling, bursting, wrinkling and folding back [1 - 3]. The investigations of 
hydromechanical bulge forming conducted for many years by J. Chałupczak et al. 3, 7 have demonstrated 
that the method makes it possible to manufacture T-pipes of all steel types used in pipeline construction, equal 
and reducing tees, straight and skewed tees as well as steel and copper cross-joints. Chalupczak [3] analyzed 
distribution of wall thickness distribution in longitudinal and cross sections of hydromechanically bulged T-
pipes and X-joints for different parameters (liquid pressure and axial loading) [3]. In recent years, investigations 
into hydromechanical bulge forming of one-sided and two-sided skewed connections have continued [4, 5]. 
Some studies on the process of hydroforming have been reported [3, 6, 8 - 16]. They have been both 
experimental and computer modelling investigations. Ray and Mac Donald [8] formed X- and T- branch 
components using a tube hydroforming machine and compared the results with FEA simulations. Experiments 
conducted, estimation of the process and geometric parameters for hydroforming of SS 304 skewed T-pipe (Y 
shapes) were discussed in study by Jirathearanat et al. [9]. Results of FEA simulations (ABAQUS) for three 
unequal T joints were verified by experiment and the effects of different parameters (coefficient of friction, 
strain hardening exponent and fillet radius) on the protrusion height, thickness distribution, and clamping and 
axial forces were studied [10]. Nikhare C. P. et al. [11] conducted experimental and numerical analysis of low 
pressure hydroforming for 409 stainless steel tubes. It is found that it reduces the internal fluid pressure and 
die closing force for producing the hydroformed part without buckling. Stadnik et al [12] described FEM 
simulations (ABAQUS) and experiments for hydroforming of Y-shapes made from stainless steel tubes. The 
influence of the forming conditions, such as the hydraulic pressure and axial force, on the hydroforming of Y-
shapes was investigated. Maeno T. et al. [13] demonstrated that the control of wrinkling for the tube 
hydroforming is effectice in improving the formability. In her paper [14], Sadłowska discusses the application 
of modified forming limit diagram (FLD) for hydroforming of X-shapes from copper tubes. Joo B-D et al. [15] 
demonstrated that a flanged automotive part can be formed using the hydroforming process without additional 
stages such as bending and pre-forming. The research on the hydroforming involved using HF440 steel tubes 
with the outside diameter of 65mm and wall thickness of 2 mm. In his study, Joo B-D analyzed hydroforming 
characteristics at various pressure conditions and compared experimental results with the finite element 
simulation results (DYNAFORM). Kridli et al. [16] discussed the effects of the strain-hardening exponent, initial 
tube wall thickness, and die corner radii on corner filling and thickness distribution of the hydroformed tube.  

The paper presents experimental results that concern hydromechanical bulging of copper axisymmetric 
components whose relative wall thickness was s0 / D = 0.045. The investigations aimed to determine the impact 
of degree of deformation on wall thickness distribution in longitudinal section of hydromechanically bulged 
axisymmetric components. The degree of deformation of material was defined as relative upsetting ratio l / l0 
(where l - the punch displacement, l0 - initial length of tube) [3 - 5, 17].  

2. METHODOLOGY 

The material for experimental investigations were copper (Cu99, E) tube segments (from seamless tubes), 
whose outer diameter was D = 22 mm and the wall thickness s0 = 1 mm (which corresponded to the relative 
thickness s0 / D = 0.045). The initial lengths of tube segments were l0 = 110 mm. In this study, pure copper was 
selected as the testing material due to its excellent formability and a wide range of industrial applications [18]. 
Additionally, copper pipe connections are used in hydraulic, heating, gas and waste water systems  
[1 - 5]. The microstructure of copper was observed using a Nikon ECLIPSE MA 200 optical microscope. It is 
shown in Figure 2. The mechanical properties of copper tubes were determined by static tensile testing  
(Rm = 268 MPa, A = 29.7 % [5]). The microhardness values of specimens before deformation were 115 ÷ 127.6 
HV (the arithmetic mean was 122.1 HV) [17]. The measurements of microhardness were taken with a 
MATSUZAWA MMT-X3 Vickers hardness tester at load of 100g, the measuring accuracy of which was 
compliant with ASTM E-384.  
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The experimental part of the investigations of hydromechanical bulge forming of axisymmetric components 
was conducted at a stand which included the following [4, 5, 17, 19]:  

 a tool for hydromechanical bulging of connections equipped with replaceable die inserts (Figure 3), 
 ZD100 testing machine modified by LABORTECH firm, 1 MN force (the machine is compliant with 

metrological requirements for Class 1 and was calibrated acc. PN-EN ISO 7500-1:2005) [20],  
 hydraulic feeding system, the most important component of which was hand-operated pump building up 

pressure 0  150 MPa, 
 computer stand with Test&Motion software (LABORTECH) to measure forces and displacements. 

 
 

Figure 2 The microstructure of sample 
of copper 

Figure 3 Diagram of the main part of the hydromechanical bulge 
forming tool, where: 1- die insert, 2- upper punch, 3- lower punch, 
4- half-die, 5- pressure platens, 6- guide-posts, 7- tube segment, 

8- hydromechanically bulged axisymmetric component 

The measurements of wall thickness in longitudinal sections of hydromechanically bulged axisymmetric 
components were taken with coordinate measuring machine Prismo-Navigator by Zeiss OKM Jena company, 
the measuring accuracy of which was up to 1 μm [5]. 

3. RESULTS AND ANALYSIS 

Admissible changes of liquid pressure and axial loading were defined as part of the experimentation with 
hydromechanical bulge forming. For an established course of pressure and upsetting force, a series of 
axisymmetric components with initial relative wall thickness s0 / D = 0.045 was formed, which can be seen in 
Figure 4. They were hydromechanically bulged with different displacements of punch l = 6 mm; l = 8 mm; 
l = 10 mm and l = 12 mm were hydromechanically bulged, which corresponded to relative ratios:  
l / l0 = 0.054; l / l0 = 0.073; l / l0 = 0.091 and l / l0 = 0.109. Hydromechanically bulged axisymmetric 
components were formed with a similar pressure change (55 MPa), except for specimens at l / l0 = 0.054  
(50 MPa). For a component at l / l0 = 0.054; pressure changes greater than those shown in the pressure path 
(Figure 4) resulted in bursting of the spherical cup. A comparison of changes in axial forces in hydromechanical 
bulge forming of axisymmetric components with the same initial relative thickness  
s0 / D = 0.045, for different l / l0, implies the axial force increases as l / l0 rises (Figure 4). The relative 
increase in the force for the specimens at l / l0 = 0.054 and l / l0 = 0.109 was 67 %. For the specified changes 
of pressure (Figure 4) and relative ratios l / l0 = 0.073 ÷ 0.109, an exact representation of die-cavities with 
cup diameter d1 = 30 mm was obtained. Specimens with that diameter were produced for relative ratios h / d1 

= 0.67 and d1 / D = 1.36 (where h is height and d1 is diameter of the spherical cup). Shapes and dimensions 
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of axisymmetric component are shown in Figure 5. For the specimens of axisymmetric components at relative 
ratio l / l0 = 0.054, it was not possible to obtain an exact representation of die-cavities because of an 
insufficient displacement of punch l = 6 mm as part of the hydromechanical bulge forming process. 

 

 

 

 

 

Figure 4 Liquid pressure vs. displacement and force vs. displacement 
obtained for hydromechanically bulged axisymmetric components at 

different ratios l / l0 (l / l0 0.054; l / l0 = 0.073;  
l / l0 = 0.091 and l / l0 = 0.109) 

Figure 5 Shapes and 
dimensions of axisymmetric 

component 

The analysis of wall thickness distribution in longitudinal sections was conducted for hydromechanically bulged 
axisymmetric components at different ratios l / l0 (l / l0 = 0.054; l / l0 = 0.073; l / l0 = 0.091  
and l / l0 = 0.109. Exemplary distributions, together with the spacing of the measurement points are presented 
in Figure 6. Measured thicknesses s were referred to the initial thickness s0 by means of the relative ratio 
s / s0. The analysis of the distribution of wall thicknesses of hydromechanically bulged axisymmetric 
components made from copper tubes indicates that the character of changes is similar. The wall thickness in 
the cylindrical part of the axisymmetric components (measurement points 2 ÷ 4 and 9 ÷ 12 shown in Figure 6) 
does not change (for hydromechanically bulged components at l / l0 = 0.054 and l / l0 = 0.091) or the wall is 
slightly thickened by max. 5 % (at l / l0 = 0.073 and l / l0 = 0.109). In the zone of the cylindrical part transition 
into the bulged area (measurement points 5 and 9), the wall is maximum thickened for all specimens. It was 
greatest for hydromechanically bulged components at l / l0 = 0.091 i l / l0 = 0.109 and amounted to 20 %. 
The maximum thinning is found in the spherical cup (measurement points 6 ÷ 8) and amounts to approx. 10 ÷ 
20 % for all specimens. 

Changes in the distribution of wall thicknesses in longitudinal sections of hydromechanically bulged copper 
axisymmetric components obtained in experimental investigation at l / l0 = 0.054 ratio, were similar in 
character to variations of wall thickness of P265TR1 steel component with the same ratio l / l0 [5]. The material 
for experimental investigations of steel samples were precision seamless steel tubes obtained during cold 
drawing [21] at relative thickness s0 / D = 0.045. 
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Figure 6 The wall thickness distribution in longitudinal sections of hydromechanically bulged 

axisymmetric components made from copper tubes at relative ratio s0 / D = 0.045 and upsetting ratios l / 
l0 = 0.054;  

l / l0 = 0.073; l / l0 = 0.091 and l / l0 = 0.109. 

The greatest wall thickening occurred on the radii of body transition to the spherical cup but the wall thickening 
of copper component was greater than the values obtained for steel element. The wall thinning was found to 
appear in the caps (no significant differences were found while analyzing the results for copper and steel). The 
wall thickness in the cylindrical part of the axisymmetric components was compared with the initial thickness 
of the tube s0. 

4. CONCLUSIONS 

The following conclusions were drawn from investigations into hydromechanical bulge forming of copper 
axisymmetric components with relative initial tube thickness s0 / D = 0.045 at different upsetting ratios  
l / l0 = 0.054; l / l0 = 0.073; l / l0 = 0.091 and l / l0 = 0.109: 

1) A comparison of changes in axial forces in hydromechanical bulge forming of axisymmetric components 
with the same initial relative thickness s0 / D = 0.045, for different l / l0, implies the axial force increases 
as l / l0 rises. The components were formed with a similar pressure change (55 MPa). The relative 
increase in the force for the specimens at l / l0 = 0.054 and l / l0 = 0.109 was 67 % [5, 17, 19]. 

2) Changes in the wall thickness distribution in longitudinal sections of hydromechanically bulged copper 
axisymmetric components with different degree of deformation l / l0 = 0.054 ÷ 0.109 were similar in 
character. The greatest wall thickening occurred on the radii of body transition to the spherical cup. The 
wall thinning was found to appear in the caps. The wall thickness in the cylindrical part of the 
axisymmetric components was compared with the initial thickness of the tube s0. The maximum 
thickening and thinning of the wall were found in the samples with the greatest l / l0 = 0.109. 
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Abstract  

The paper presents the results of neural network sensitivity analysis used in prediction system of tool durability 
in die forging processes. Data collected during many experiments, tabulated in the form of knowledge vectors, 
has been used as a source of training data for artificial neural networks. The sensitivity analysis makes it 
possible to differentiate between the important variables and those which do not make a significant contribution 
to the results of the network operation. The obtained results of global sensitivity analysis, conducted for the 
elaborated network in the context of predicting the life of forging tools from the expert viewpoint, indicate 
general correctness and validity of the adopted model (solution), ascribing the highest sensitivity to the 
nitritiding input variable (related to hardness), which is in reality the main factor determining the tool resistance 
to the destructive effect of failure mechanisms. 

Keywords: Artificial neural network, decision support system, durability of forging tools 

1. INTRODUCTION 

The forging dies and punches operate under difficult conditions: they are requested to have high strength, 
hardness and simultaneously - proper toughness. Additionally, they are constantly loaded by recurrent large 
temperature gradients. Through the optimum choice of process parameters one can significantly increase the 
life of tools, improve the quality of forgings and consequently, increase the productivity of the whole process. 
The main factors having an effect on the process of forging and a durability of forging tools are: tool and 
preform temperature, slug geometry, press settings, process speed, lubrication and cooling, and tool shape 
and quality [1]. The low durability of tools lowers the quality of forgings. During operation, forging tools and 
equipment are exposed to the effect of many destructive factors, which cause their wear. The most commonly 
occurring (and also the most extensively tested) destructive mechanisms are: plastic deformation and abrasive 
wear in warm forging [2] and hot forging [3], thermal fatigue cracking [4], [5], and thermo-mechanical fatigue 
[6]. Among them, the most frequently studied is the mechanism of wear, which prevails also in the process of 
cold forging [7]. For example, a comprehensive analysis of the major destructive mechanisms of tools in forging 
process of car steering system was presented in [8]. At present there are no clear criteria applicable in the 
evaluation or selection of methods to improve the life of tools [9]. In [11], based on own research and 
experiments carried out in cooperation with the forging industry, the author focuses on the selected methods, 
which provide the highest effectiveness in the improvement of the forging tool life and are currently used in the 
industrial processes of die forging. Various methods are being developed that are designed for analysis of the 
wear and tear of forging tools and prediction of their durability, which is justified by considerations of both 
financial and scientific character. Currently, numerous and different IT methods and tools are available to allow 
for partial replacement of costly and time-consuming physical experiments with virtual experiments. Efforts are 
also made to use decision support systems in optimization of the tools used in forging operations [20].  
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2. RESEARCH METHODOLOGY 

Researches on improvement of the durability of forging tools were conducted in several stages. The first stage 
was focused on material and operational research carried out under industrial conditions in selected forging 
shops in Poland. The second stage of the research involved the use of a database derived from the material 
and in-service studies, to develop next a knowledge representation model for computer system to predict the 
durability of forging tools. 

2.1. Material and operational tests 

As part of experimental research and numerical modelling, the effect of specific forging parameters on the 
wear and tear of forging tools was measured and studied - Figure 1 (INPUTS). As a result of performed 
simulations and material tests, a database has been created, which contains the results of the measurements 
of cases examined. Each database record contains fixed information on the following subjects - Figure 1 
(OUTPUTS): 

 the size of material loss affecting in the specified area the tool geometry at the preset values of the 
forging process parameters, 

 percent contribution to the die damage of the four basic wear mechanisms, i.e. thermo-mechanical 
fatigue, abrasive wear, plastic deformation and mechanical fatigue. 

 
Figure 1 A pictorial diagram of the proposed system  

More detailed information about the research has been provided in previous publications of the authors of this 
study [[15], [16]]. 

2.2. Development of a neural network 

The second stage of the research involved the use of the developed database to design a knowledge 
representation model for computer system to predict the durability of forging tools. A pictorial diagram of the 
main assumptions adopted in the proposed system is shown in Figure 1. Looking for suitable forms of 
knowledge representation in the modelled system, numerous methods that allow for modelling of strongly 
nonlinear phenomena have been examined. The analysis of source data collected and developed in the form 
of knowledge vectors presents this data as incomplete information, because each vector represents only some 
selected cases; this data is also uncertain because it is burdened with numerous measurement errors. 
Attempts have been made to use fuzzy logic as a form of knowledge representation in the system [15]. Further 
studies have been undertaken to investigate and reduce predictive errors and to develop models based on the 
ANFIS algorithm [16]. 
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The best results and the smallest prediction error, compared to earlier models, gave the system based on 
artificial neural network. The data collected from numerous experiments, tabulated as knowledge vectors, has 
been used as a source of training data for artificial neural networks. The characteristics of the developed 
network and the analysis of the results obtained using this network are presented in [17]. 

A simplified diagram of the selected network structure is presented in Figure 2. The network is of the MLP 
type and consists of one input layer (9 input variables/19 neurons), one hidden layer (25 neurons) and one 
output layer (5 neurons). The network marker was established as MLP 19-25-5.  

 
Figure 2 Diagram of the elaborated MLP 19-25-5 network [17].  

 19 - is the value which corresponds to the number of input neurons. For the analysis, the network has 9 
input variables, of which five are continuous in character, and they are counted as separate inputs. Four 
initial variables are discrete in character (nitrification, path of friction, lubrication, shape) and for these 
networks one calculates the sum of their possible input values (e.g. the lubrication variable can assume 
the value of ‘yes’ or ‘no’ and the latter ones are two possible inputs for the network). And so, the network 
has 19 neurons at the input.  

 25 - is the number of neurons in the hidden layer.  
 5 - is the number of neurons in the output layer.  

Summary of the training process of selected neural networks for each output variable and the specific 
characteristics are given in Table 1.  

Table 1 Parameters of the MLP 19-25-5 neural network [17] 

Name of network MLP 19-25-5 Name of network MLP 19-25-5 

Error (training) 0.039309 Quality (testing) 0.842213 

Error (validation) 0.127667 Training algorithm BFGS (56 epoch) 

Error (testing) 0.090174 Error function SOS 

Quality (training) 0.937455 Activation (hidden) Tanah 

Quality (validation) 0.828000 Activation (output) Logistic 
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In this network, the BFGS (Broyden-Fletcher-Goldfarb-Shanno) method was used for training. In the case of 
the selected MLP 19-25-5 network, the assumed minimal approximation error was not achieved; the training 
process was terminated in 56 epoch, when the validation error started to grow. 

3. SENSITIVITY ANALYSIS OF INPUT VARIABLES ADOPTED FOR THE MLP 19-25-5 NETWORK 

Sensitivity analysis is the tool widely used in various fields of science [19]. This analysis is conducted after the 
neural network training process has been completed and shows which input data is most relevant. We learn 
this by analyzing a network error in the event of elimination of individual variables from the input data. When 
removing individual variables from the input data, it is necessary to carry out the network training process from 
the beginning and re-calculate its Errori every time. The analysis shows what loss is incurred by rejecting a 
particular variable - Figure 3. 

 
Figure 3 Schematic diagram of the significance analysis of input variables in neural networks [[19]] 

With the rejection of some variables, the network error is expected to increase (Figure 3c), and therefore the 
basic measure of network sensitivity will be the quotient W of Errori obtained for the network startup with a 
data set without one variable and Error obtained with the full set of variables (1). 

푊 =   (1) 

The larger is the network error with one variable rejected 
relative to the original error (for a network with all input 
variables), the more sensitive is the network to the absence 
of this variable. If the error quotient is 1 or less, then 
removing the variable does not affect the quality of the 
network or even tends to improve it. Once a sensitivity 
analysis has been performed for all analyzed variables, 
they can be ranked in terms of their significance. 

The results of the sensitivity analysis for the developed 
MLP19-25-5 network are summarized in Table 2. It can 
be seen that all 9 explanatory (input) variables have a 
significant effect on the result of inference. The most 
significant variables are those for which the error 
quotient exceeds 5, i.e. nitrification, shape, lubrication, 
and path of friction. 

Table 2 Global sensitivity analysis for the 
              MLP19-25-5 network 

RANGE INPUT W 

1 nitrification 15.98 

2 shape 8.07 

3 lubrication 5.68 

4 path of friction 5.57 

5 number of forgings 2.90 

6 deformation time 2.63 

7 pressure 2.32 

8 total time 1.98 

9 temperature 1.39 
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The obtained results of global sensitivity analysis, conducted for the MLP19-25-5 network in the context of the 
forging tool life prediction from the point of view of the subject matter expert, indicate general correctness and 
validity of the adopted model (solution), given the fact that the highest sensitivity has been ascribed to the input 
variable called nitriding (related to hardness), which is actually the main factor determining the tool resistance 
to the destructive effect of failure mechanisms. The general use of thermal-chemical treatment in the form of 
nitriding hardens the working surface of forging tools to a depth of up to 0.3 mm and thus increases the surface 
hardness from 550 HV for untreated tools to 1100 HV. This has also been confirmed by numerous studies and 
observations, which clearly demonstrate that the life of nitrided tools is much longer after the treatment than 
before. However, if this issue is considered in the context of hardness alone, it can be stated that higher 
hardness of the tool can enhance the risk of mechanical fatigue. Additionally, after approximately 18,000 
forgings, serious material losses are observed due to the presence of single large and very hard particles, 
which are detached from the nitrided layer and act next as an abrasive material [17]. 

As regards the second, in terms of the sensitivity, variable, i.e. shape, the results obtained are consistent with 
the generally accepted knowledge and experience of blacksmiths and technologists. The shape of the die 
largely determines the critical areas where a given destructive mechanism is likely to operate. Tribological 
conditions, i.e. the third in the sequence input variable, are also important, since, as shown  
in [21], the mechanisms that govern the damage of tools lubricated and cooled are completely different than 
the mechanisms that operate in tools used without lubrication and cooling. Research conducted in the field of 
durability (materials testing, etc. [9,15-17] on other input variables and their order are correct and the resulting 
hierarchy only concerns the analyzed input variables. In the developed network, only the result obtained for 
the variable called pressure is a bit puzzling, because in the case of abrasive wear described by Archard 
model, the volume of the worn out material is proportional to, among others, pressure. On the other hand, 
Archard model is primarily valid for lubricant-free contacts. Moreover, as indicated above, the input variables 
are generally the dependent variables, which is the main reason why even for experienced researchers, some 
of the results examined separately must raise doubts. 

4. SUMMARY AND CONCLUSIONS 

The analysis of the destructive mechanisms conducted by the authors and studies of the methods to increase 
tool life confirm the high compatibility of the obtained theoretical results (based on the proposed adaptive neuro-
fuzzy inference system - ANFIS) with the technological practice. The sensitivity analysis carried out for the 
adopted input variables indicates the high logical consistency and validity of the adopted model. It is important to 
take into account the extreme values of the input variables, as their change may cause changes in the established 
order. This analysis also indicates the possibility of reducing the number of input variables and selecting only the 
most relevant ones, the operation which can in consequence simplify the model. Further work aiming at model 
improvement will be related to the process of optimizing the network and introducing a larger amount of training 
data obtained from the consecutive experimental data. The presented results are of a distinctly application 
character, because based on the analysis of the destructive mechanisms, appropriate methods can be applied 
or preventive measures can be taken that will allow increasing the durability of forging tools. The solutions 
developed are mainly addressed to the staff of the die forges.  
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Abstract  

The article presents the results of tests of influence of the thermo-mechanical treatment parameters on the 
mechanical properties and microstructure of steel C70D for wire rod. The methodology of quantitative 
description of pearlite morphology in steels with the use of the method on which a new computer program 
"PILS" - Pearlite Inter-Lamellar Spacing is based was presented. In order to verify the method, some 
quantitative tests of microstructure in samples after physical simulation of heat-plastic treatment were 
conducted on a deformation dilatometer device with diverse cooling rate for steel C70D. The process of rolling 
was conducted in simulation in continuous finishing train arrangement. Elaborated program and conducted 
tests will be used during preparations of modified technologies of wire rod rolling to prepare products made of 
steel, the microstructure of which is characterized with smaller interlamellar spacing.  

1. INTRODUCTION  

High-carbon steel types for wire rod are rolled in modern continuous systems [1, 2]. Linear velocity of rolling 
wire rod in such systems equals up to 120 m/s. In such dynamic conditions the parameters of rolling process 
and later cooling process play an important role in shaping the microstructure and mechanical properties. 
Constant growth in requirements concerning properties of the products needs improvement of manufacturing 
technology. Conduction of experiments in order to choose the optimal parameters of the process on industrial 
production lines is very difficult due to the need of application of a big amount of material in a singular process. 
That is why laboratory rolling mills are constructed to illustrate the conditions of the real rolling process in a 
more detailed way [3, 4]. At present the temperature of rolling finish for high-carbon steel types is 900-920 °C. 
In practice the achievement of the assumed structure of wire rod from high-carbon steel is possible in Stelmor 
production line with the use of fans of the first cooling sections working with high efficiency. It enables fast 
cooling of the band to a temperature of the beginning of pearlitic transition. The amount of mechanical 
properties in pearlitic steel types depends on the degree to which pearlite is dispersed. The aim of the paper 
was the analysis of the influence of rolling process parameters - temperature and cooling rate on microstructure 
and mechanical properties of investigated steel C70D [5, 6]. Conditions of physical simulation were close to 
the real conditions present of industrial production line for rolling wire rod.The main stereological parameter 
applied to describe this dispersion is the so-called real interlamellar spacing λ0 defined as the distance between 
two midpoints of two subsequent lamellae of cementite or ferrite in a given colony of pearlite [7]. Within the 
verification process there were quantitative tests performed of microstructures of samples after physical 
simulation of heat-plastic treatment on deformation dilatometer with varied cooling rate and using rolling in 
continuous finishing train arrangement. Achieved results will be used to improve the process of rolling on 
industrial production lines. 

2. EXPERIMENTAL PROCEDURE 

Materials and methodology of hot working. Materials for tests were rods made of steel C70D meant for wire 
rods. The content of particular chemical elements is defined in the norm EN 10016-2: 1995. Rods from steel 
C70D were gathered after continuous casting rolling in breakdown passes in 17 cage block. Further rolling 
was conducted on semi-continuous laboratory mill for rolling bars in VSB - Technical University of Ostrava, 
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Faculty of Metallurgy and Materials Engineering. Czech Republic [8]. Initial rolling of rods was conducted on 6 
breakdown passes from diameter of ø 30 mm to ø 15.8 mm on a reversing rougher. Before rolling the rods 
were heated to a temperature of 1100 °C and holding time for 30 minutes. Finish rolling was performed on 
four-rolling stands of continuous finishing mill from diameter of ø 15.6 mm to ø 9.8 mm. Speed of rolling in the 
first stand equalled 1.0 m/s and in the fourth 2.1 m/s. Finish rolling was conducted in 4 temperature options: 
760, 800, 850 and 920 °C. After rolling the rods: 

 were cooled in air to temperature of 550 °C,than with furnace at the speed of 0.4 °C/s to the temperature 
of 200 °C and next in air to temperature of the surrounding.  

 were quickly cooled with water shower after rolling to temperature of about 550 °C, and next with furnace 
at the speed of 0.4 °C/s to temperature of 200 °C and next cooled in air to the temperature of the 
surrounding. 

In order to assess the influence of overcooling on the mechanical properties for samples rolled in temperature 
of 920 °C there was a quick cooling with water shower conducted to temperatures of 665 °C, 655 °C, 625 °C, 
420 °C and <400 °C. 

There was a static tensile test performed after rolling of the rods. The rods after rolling were used to prepare 
samples with round cross-section to test the mechanical properties in accordance with norm PN-EN ISO 6892-
1. Tests were conducted on testing machine Zwick/Roell Z100. On the basis of test the following parameters 
were marked: Ultimate tensile strength (UTS), yield point (Rp0.2), elongation (A5). Hardness measurement 
was conducted with the use of hardness tester Zwick type 3212002/00. Metallographic test was conducted on 
light microscope type Olympus GX51 with magnification in range 200÷1000×. In order to conduct quantitative 
analysis of pearlite areas the images were registered on scanning microscope with magnification up to 15000×. 
The quantitative tests were conducted with the use of specialised software for quantitative assessment of 
pearlite microstructure, namely with the computer program "PILS" - Pearlite Inter-Lamellar Spacing [7]. Mean 
values of distances between cementite lamellae (av), thickness of samples (lav) and indicators of variations of 
those parameters were marked.  

3. RESULTS AND DISCUSSION 

Conducted tests, in conditions of simulation on experimental semi-continuous roughing stand with cooling of 
rods in air, at the rate of about 5 °C/s and water shower (cooling of about average 10 °C/s), provide the 
achievement of pearlitic structure with small amount of ferrite which is proved by the observed changes on the 
registered cooling curve and tests of microstructure (Figure 1). It should be pointed out, however, that the 
decrease of rolling temperature to 760 °C and next cooling in air causes a significant defragmentation of 
pearlite lamellae which is disadvantageous from the point of view of steel plasticity. 

Rolling in temperature of 900°C - air cooling 

   
a) LM b) SEM 
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Rolling in temperature of 900 °C - water shower 

     
a) LM b) SEM 

Rolling in temperature of 750 °C - water shower 

      
a) LM b) SEM 

Figure 1 Microstructure of steel C70D after rolling in temperature of 900 °C with air cooling (a), water shower 
(b) and 760 °C and next cooling with water shower to temperature of about 580 °C (c). 

Samples which were initially cooled with water shower have significantly higher resistance properties than the 
rods cooled in air (Table 1 and 2), with slightly smaller elongation value after rolling in temperature range from 
800 to 920 °C (Table 14.2.5). It was stated that there is a strong dependency between the Yield stress Rp0.2, 
Ulimate tensile strenght (UTS and inter-lamellar distance av (Figure 2). The highest strength properties are 
observed in samples which were rolled in temperature of 750 °C but are characterised with limited plasticity 
(Figure 3). Low plasticity results from intense defragmentation of pearlite lamellae occurring in significant 
overcooling and probable appearance of the bainite areas. 

Table 1 Results of static tensile tests and hardness tests (HV1) for samples rolled in temperatures of 750, 
              800, 850 and 900 °C and next cooling in air 

Rolling 
temperature, [°C] 

Average distance 
of lamellae  av  

[µm] 

Variation 
index 

() [%] 

Average 
thickness 

of lamellae 
(lav) [µm] 

Variation 
index 

() [%] 

Rp0.2 
MPa 

UTS 
MPa 

A5 
% 

750 0.422 32.4 0.124 36.5 563.2 900.1 16.5 
800 0.382 34.5 0.113 33.0 594.5 932.4 13.2 
850 0.317 37.6 0.103 32.8 626.0 967.1 15.1 
900 0.378 35.3 0.120 35.1 614.5 945.5 14.0 
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Table 2 Results of static tensile tests and hardness tests (HV1) for samples rolled in temperatures of 750,  
              800, 850 and 900°C with initial cooling in water shower and next cooling with furnace  

Rolling temperature, [°C] 

Average 
distance of 

lamellae  av  
[µm] 

Variation 
index 

n() [%] 

Average 
thickness of 
lamellae (lav) 

[µm] 

Variation 
index 

() [%] 

Rp0.2 

MPa 

UTS 

MPa 

A5 

% 

750 0.171 48.4 0.114 46.5 1050 1200 7.5 

800 0.198 34.5 0.082 33.0 950 1130 15.2 

850 0.218 37.6 0.080 32.8 820 1080 16.1 

920 0.331 35.3 0.130 35.1 815 925 18.0 

Figure 2 Yield stress Rp0.2 and Ultimate tensile 
strenght UTS depending on the distance between 

the pearlite lamellae distance av 

Figure 3 Elongation A5 (b) depending on rolling 
temperature with initial cooling with water shower to 

temperature of 580 °C 

Mechanical properties are highly influenced by the overcooling values (Table 3). Together with the increase 
of overcooling from temperature of 920 °C to the range of 665 °C÷550 °C there is an increase of resistance 
observed in samples with slight decrease in plasticity (Figures 4, 5). Further increase in overcooling from 
temperature of 920 °C to 420 °C leads to loss of plasticity of tested steel.  

Table 3 Results of static tensile test and hardness (HV1) of samples rolled in 920 °C with cooling initially with  
             water shower to temperature of 665 °C, 655 °C 650°C, 625 °C, 580 °C , 420 °C and <400 °C and  
             next with furnace  

Overcooling, °C/s 
Rp0.2 

MPa 

UTS 

MPa 

Rp0.2/UTS 

% 

A5 

% 

HV1 

920665 800 980 0.82 20.5 230 

920655 750 1030 0.73 19.5 245 

920625 790 1085 0.73 18.5 258 

920580 815 1125 0.72 18.0 262 

920420 1027 1200 0.86 9.2 320 

920<400 -  failure by 1400 MPa 
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Figure 4 Influence of overcooling from finish-rolling 
temperature 920 °C on yield stress Rp0.2 and ulitmate 

tensile strength UTS of steel type C70D 

Figure 5 Influence of overcooling from finish-rolling 
temperature 920 °C on elongation of steel samples 

type C70D 

CONCLUSION 

It can be stated, on the basis of data presented in the paper, that there is a significant influence of finish-rolling 
temperature of the wire rod from steel C70D on its mechanical properties. Together with the decrease of finish-
rolling temperature there is an increase of yield point and tensile strength observed. The values of elongation 
and reduction of area for all samples were similar. The cooling speed in range of occurring phase transitions 
also has influence on the properties. Samples which were cooled with a bigger speed (with water shower) are 
characterised with bigger values of resistance properties than the samples which were cooled with furnace. 
The value of overcooling from temperature of rolling is also important as its value positively influences the 
resistance properties. Too big overcooling, however, leads to formation of bainite areas and the samples are 
characterised with limited plasticity.  

Conducted tests, in conditions of simulation on the semi-continuous experimental roughing stand, have shown 
that the decrease of rolling temperature from 900 °C to 800÷850 °C and the increase of cooling speed aids 
the achievement of wire rod with required microstructure of pearlite with the distances of pearlite lamellae of 
av <0.2 µm with elevated resistance properties and plastic properties which are in accordance with the 
standard specifications. Achieved results of tests will be used to determine the mathematical dependencies 
between parameters of rolling process, mechanical properties and quantitative qualities of the ferritic-pearlitic 
microstructure such as presented in article [9, 10]. It will make the process of designing the modified technology 
of producing wire rod with elevated mechanical properties  
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Abstract 

The critical strain for initiation of dynamic recrystallization is an important value in case of thermomechanical 
process design. In this research, different models have been utilized to describe hot compression flow curves 
of C45 carbon steel up to the peak point. Further, equations derived from these models were used to calculate 
the critical strain in wide range of thermomechanical conditions. Thus calculated values of the critical strain 
are function of the peak strain and of other deformation parameters. The calculations showed comparable 
results of almost each derived equation. 

Keywords: Hot deformation, flow curve modeling, onset of dynamic recrystallization 

1. INTRODUCTION 

Dynamic recrystallization (DRX) plays a substantial role in case of controlling microstructural evolution and 
mechanical properties during hot forming of metals with low and medium stacking fault energy (SFE). The 
DRX process is initiated if a certain value of strain is reached. This value is known as the critical strain for the 
onset of DRX [1]. The critical strain for the onset of DRX is a crucial knowledge in thermomechanical process 
design [2]. Its value can be estimated metallographically. This evaluation is, however, time-consuming and the 
results are not precise [3]. The critical strain can be also calculated under different thermomechanical 
conditions using aptly derived equations. These equations can be derived from well-known flow stress models 
using the second derivative of work hardening rate with respect to stress [4]. Thus obtained values of the 
critical strain are function of the peak strain and other parameters of an original flow stress model [5]. Several 
equations have been derived by this approach in recent years. The main aim of the paper is to utilize these 
equations to estimate the critical strain of C45 carbon steel in wide range of thermomechanical condition. 

2. CHARACTERIZATION OF CRITICAL STRAIN 

In metals with a low or medium SFE, dynamic recrystallization takes place during deformation when a critical 
strain, εc (-), is reached. This value can be demonstrated on the typical DRX flow curve - see Figure 1. The 
work hardening and dislocation density increase with increasing strain, so, the flow stress is increasing (see 
region I.). When the critical strain is reached, new grains are nucleated at the old grain boundaries and newly 
developed high-angle boundaries grow. Nevertheless, the dislocation density in other areas of deformed 
material is still rises. Consequently, the flow stress increases but the increasing rate continuously declines 
(see region II.). Finally, the flow stress takes its maximum value (peak point). Then, the rate of softening 
mechanism of DRX prevails over the work hardening - the flow stress is decreasing (see region III.). The 
equilibrium between the work hardening and softening takes place at high strains, i.e. steady-state is occurred 
(see region IV.) [2, 4, 5].  
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Figure 1 Schematic flow curve at high temperature for DRX [2] 

3. HOT FLOW CURVE MODELING UP TO THE PEAK POINT 

Flow curves of metals having low to medium SFE illustrate obvious DRX behavior [2] (Figure 1). These curves 
can be described in a wide range of thermomechanical conditions (i.e. strain, strain rate and temperature) by 
various flow stress models. A. Cingara and H. J. McQueen described flow curves up to the peak point (i.e. up 
to the strain of εp) by Eq. (1) [6]. S. Solhjoo also derived some equations to describe these curves - Solhjoo(A) 
Eq. (2) [4], Solhjoo(B) Eq. (3) [5] and Solhjoo(C) Eq. (4) [7]: 

휎 = 휎 ⋅ ⋅ exp 1 −  (1) 

휎 = 휎 ⋅ ⋅ 2 −  (2) 

휎 = 휎 ⋅ sin ⋅  (3) 

휎 = 휎 + 휎 − 휎 ⋅ tanh 2 ⋅ 퐾 ⋅  (4) 

In these equations, σ (MPa) is true flow stress, ε (-) true strain, and the subscript p corresponds to the peak 
coordinates. Parameter σ0 (MPa) is the value of initial true flow stress. The parameters n (-) and K (-) represent 
strain hardening exponent and coefficient [4-6]. Most of the parameters of the above presented models exhibit 
a temperature and strain rate dependence. Mutual effect of these variables can be expressed by the Zener-
Hollomon parameter, Z (s−1) [8]: 

푍 =  휀̇ ⋅ exp
⋅

 (5) 

where 휀̇ (s−1) is the strain rate, T (K) is the temperature, R (8.314 J·K−1·mol−1) is the universal gas constant, 
and Q (J·mol−1) is the hot deformation activation energy. The effective calculation of Q was in detail described 
for example in [9, 10]. 
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The peak strain, εp (-), and the corresponding peak stress, σp (MPa), belong to the temperature and strain rate 
dependent parameters. Thus, their values could be calculated with respect to the Zener-Hollomon parameter 
Z as follows from the Eq. (6) and (7) [10]: 

휀 = 푎 ⋅ 푍  (6) 

휎 = ⋅ arcsinh  (7) 

where A (s−1), a (-), b (-), n (-) and α (MPa−1) are material constants. The calculation of these constants is in 
detail discussed in [10]. 

The strain hardening exponent, n, can be estimated for each combination of temperature and strain rate as 
the slope of the line from the logarithmic form of the Eqs. (1), (2) and (3). Then, the following equation can be 
used to describe the strain hardening exponent, n, with respect to the thermomechanical conditions [4-6]: 

푛 = 푛 ⋅ 푍  (8) 

In Eq. (8), n1 (s) and n2 (-) are material constants and can be calculated as the slope of the line and intercept 
of the logarithmic form of the Eq. (8), i.e. ln n vs. ln Z. 

It should be noted, the strain hardening exponent, n, and coefficient, K, in the Eq. (4) are interdependent. 
Moreover, it was found out that these parameters are independent on the thermomechanical conditions. Their 
estimation is given by the iterative method in [7]. 

4. CRITICAL STRAIN FOR THE ONSET OF DYNAMIC RECRYSTALLIZATION 

The critical strain for the onset of DRX can be determined metallographically. Nevertheless, this method is 
protracted and the results are not accurate [3]. Another possibility is to utilize the mathematical approach. This 
is based on analysis of the work hardening rate (θ) vs. stress (σ) curves up to the peak point. The work 
hardening rate, θ (MPa), is defined as derivative of dσ / dε. According to Ryan and McQueen observation, an 
inflection in the θ - σ curve corresponds to DRX initiation [11]. Poliak and Jonas [3] demonstrated that the 
minimum point of dθ / dσ - σ curve represents the onset of DRX. From the mathematical viewpoint, the 
minimum point of dθ / dσ - σ curve is a null value of the second derivative of θ with respect to σ, and denote 
the inflection of θ - σ curve [12]. It should be mentioned that the inflection point of the θ - σ curve is the same 
as the inflection point of the ln θ - ε curve. These findings can be formulated by the following relationship [13]: 

= = 0 (9) 

Equations of the critical strain for the onset of DRX, εc, were derived by solving the Eq. (9) using the Eqs. (1), 
(2), (3) and (4). Derived equations are function of the peak strain, εp, and strain hardening exponent, n, or also 
strain hardening coefficient, K. The resulting expressions are named after the original flow stress model from 
which are derived, i.e. Cingara-McQueen Eq. (10) [2], Solhjoo(A) Eq. (11) [4], Solhjoo(B) Eq. (12) [5] and 
Solhjoo(C) Eq. (13) [7]: 

휀 = 휀 ⋅ √  (10) 

휀 = 휀 ⋅ 1 − ⋅ 4 − 2 ⋅ ⋅( ) ⋅ ⋅
⋅

 (11) 

휀 = 휀 ⋅ ⋅ arctan √1 − 푛  (12) 

휀 = 휀 ⋅
⋅

⋅ arctanh  (13) 
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As a result of the above mentioned facts, if the flow curves description is available in the form of Eq. (1), (2), 
(3) or (4), the exact value of the critical strain, εc (-), could be calculated directly from Eq. (10), (11), (12) or 
(13). It can be noted, the values of the critical stress, σc (MPa), can be then calculated from Eq. (1), (2), (3) or 
(4) by substituting the value of strain, ε, by the corresponding value of the critical strain, εc. 

5. RESULTS AND DISCUSSION 

The above derived relationships were used to calculate the critical strain for the onset of DRX of the C45 
medium-carbon steel in wide range of thermomechanical conditions. The experimental flow curves of the 
examined steel were obtained by the series of uniaxial hot compression tests. This experiment was described 
previously in the literature [14]. The result of these tests is the set of twenty flow curves acquired at the 
temperatures of 1280 °C; 1200 °C, 1100 °C, 1000 °C and 900 °C and the strain rates of 0.1 s−1, 1 s−1, 10 s−1 
and 100 s−1. Each test was performed for the values of true strain up to the 1.0. These experimental flow 
curves were analyzed and the flow curve description up to the peak point was assembled. As the very first 
step, the values of εp and σp were calculated for all sets of thermomechanical circumstances utilizing the Eqs. 
(5), (6) and (7). All required material constants of these equations are presented in Table 1.  

Table 1 Material constants of the peak point description 

A (s−1) a (-) b (-) n (-) Q (kJ·mol−1) α (MPa−1) 

4·1011 3·10−3 0.2 4.3 292 9.5·10−3 

As the second step, the values of the strain hardening exponent, n, of the equations (1), (2) and (3) were 
determined for all sets of thermomechanical conditions using the Eq. (8). The necessary material constants of 
this equation are given in Table 2. The strain hardening exponent, n, and strain hardening coefficient, K, of 
the Eq. (4) are independent on the thermomechanical conditions, so they were obtained directly from the 
Eq. (4) by the iterative method [7]. The values of n and K of the Eq. (4) were calculated to be 0.86 and 1.53, 
respectively. 

Table 2 Material constants of the strain hardening exponent 

 Cingara-McQueen Solhjoo(A) Solhjoo(B) 

n1 (-)   11.20    7.05    5.63 

n2 (-) − 0.14 − 0.13 − 0.12 

Using the Eqs. (1), (2), (3) and (4), flow stress is calculated for all different thermomechanical conditions and 
compared with the experimental results. Example of this comparison is shoved in Figure 2. 

  
Figure 2 Comparison between experimental and predicted flow curves of the C45 carbon steel 
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The reliability of the flow curve description was assessed using average absolute relative error, AARE, - see 
Figure 3. The formulae of the AARE (%) can be written as follows [15]: 

AARE = ⋅ ∑ ( )  (14) 

In Eq. (14), n (-) represents the number of data points involved in calculations, σi (MPa) is the target value and 
σ(εi) (MPa) is the model output, i.e. experimental flow stresses and predicted one, respectively. The Figures 
2 and 3 imply the high accuracy and comparability of the proposed models. However, lower reliability was 
observed in case of the Solhjoo(C) model, i.e. Eq. (4). 

 
Figure 3 Average Absolute Relative Error (AARE) of the utilized flow stress models 

Using the Eqs. (10), (11), (12) and (13), the critical strain for the onset of DRX has been calculated for all 
different thermomechanical conditions. The obtained results are related to the peak strain in Figure 4. 

 
Figure 4 Relation between the critical strain, εc, and the peak strain, εp, of the C45 medium-carbon steel 

The Figure 4 clearly shows that almost each derived equation of the critical strain provides highly comparable 
results. Nevertheless, the Eq. (13), derived from the Solhjoo(C) model (4), offers exceedingly different values 
of the critical strain. However, this contradiction is not with respect to the flow curve comparison (see Figures 1 
and 2) so astonishing. The Solhjoo(C) model (4) provides lower accuracy of the flow curve description. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

501 

Thereupon, inaccurate resulting values of the critical strain should be expected. The values of the critical strain 
of different steels were calculated and reported by several researchers in previous papers. The reported values 
are varying roughly in the range of 0.4·εp - 0.6·εp [2, 4, 7, 13]. So, the values calculated by the equations (10), 
(11) and (12) could be supposed to be utilizable.    

6. CONCLUSION 

The values of the critical strain, εc, for the onset of dynamic recrystallization of C45 medium-carbon steel were 
determined. This determination has been done in the wide temperature range of 900 °C - 1280 °C and the 
strain rate range of 0.1 s−1 - 100 s−1. For this purpose, several mathematical models were utilized to directly 
calculate the values of εc. Nevertheless, one of these models was found to be less appropriate. Remaining 
models provide comparable results. The calculated values of the critical strain were related to the peak strain, 
εp. The appropriate results of the critical strain, εc, were found to be 0.48·εp and 0.49·εp.   
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Abstract 

In the stamping process, springback causes geometrical inaccuracies in the final shape of metal stampings. 
Springback behavior is highly influenced by mechanical properties of the material, by the geometrical 
complexity of the shape and also by stamping process itself. In reality, it is very difficult to predict to which 
extent springback occurs. That is the reason, why numerical simulations are used more commonly nowadays 
(AutoForm, PAM-STAMP, etc.). This research focuses on the creation and application of the springback 
compensation strategy with the goal of minimalize the springback phenomenon in the field of stamping 
processes. Especially in automotive (in the production of car body parts) where springback became an often 
debatable and significant topic. For the verification and validation of the strategy, car body parts from  
VW Group were used, namely SEAT Ateca inner and outer fifth doors and ŠKODA Superb fender. Proposed 
strategy was designed in the cooperation with the Pressing tools design department in ŠKODA AUTO. 

Keywords: Springback, numerical simulation, AutoForm, forming, deep drawing 

1. INTRODUCTION 

During the deep drawing process, the punch is pushed into the die cavity, the blank is plastically deformed and 
the specific shape of the punch and the die is transferred to it. As soon as the loads are removed,  
the elastically driven change of the product occurs. At that moment the final shape of the pressed part  
is affected only by plastic deformation, elastic deformation "returns" while causing a shift in the shape  
of the material. This shift in the material results in the change of geometry and the phenomenon is called 
springback. Springback results in geometrical shape inaccuracies of the obtained product. In order  
to compensate the springback, it is important to carefully consider all factors prior to the stamping process, 
otherwise a reject product occurs. Apart from the geometric error, springback leads to increase in the costs in 
pre-production tool design. Tool design and tool construction is one of the most time consuming step  
in new car type developing process. Therefore, to find an effective and reliable method for springback 
prediction and its compensation is very important. Nowadays numerical methods for process simulation  
and evaluation are commonly used. Software like AutoForm, PAM-STAMP, DynaForm, LS Dyna and others  
are a powerful tool in the pre-production. The problem with numerical simulations and springback is still  
in its accuracy which is still far from exact. In terms of springback, approximate accuracy of the numerical 
simulations is up to 75%, depending on the simulation settings (type and size of elements, nodes, number  
of iterations, etc.) [1, 2]. 

The main target of this research is to design methodology of the springback compensation and later integrate 
it into the process of the methodical planning and pre-production phase of the tools production.  
If the current experimental trial and error process were replaced by a reliable numerical procedure,  
the pre-production time and costs of tools production would be decreased dramatically [2]. 

2. METHODOLOGY OF THE SPRINGBACK COMPENSATION 

In order to resolve the springback phenomenon, primarily, stable and accurate analysis of the springback must 
be carried out. With use of the numerical simulations, possibilities in the springback analysis  
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are enormous. Use of the numerical simulations for springback analysis has mostly advantages, nevertheless 
some drawbacks are also present (besides the lower accuracy as was mentioned  
in the introduction). The advantages are mainly in the analysis itself, where all kinds of comparison can  
be used, such as evaluation in the various directions, comparison with the reference geometry and many more. 
On the contrary, when it comes to the springback analysis, parameters and settings play a great role in the 
final accuracy. For example, one can choose from evaluation as a free springback (no gravity), constrained 
springback (with gravity), real measurement, etc. The results between each analysis always vary. Furthermore, 
settings of initial numerical simulation also influences the final results of the springback analysis. For instance 
the settings of finite element method (type and size of elements, nodes, number  
of iterations, etc.), process parameters (pressure of binder, drawbead type, trimming with or without tools, 
pressure and velocity dependency, etc.). The possibilities in the combination of settings in the numerical 
simulation are very comprehensive. The aim is to reach stable and accurate results that can be achieved 
through unified methodology [3]. 

2.1. Methodology of the Springback Analysis 

Even though the overall accuracy of the numerical simulation outputs is very high, use of the numerical 
simulation in springback prediction and compensation is not optimal yet. When the springback analysis  
or compensation is expected, numerical simulation must be carefully designed from the very beginning  
of the process. The reason is that the overall accuracy of the springback analysis (in comparison with  
the reference geometry) is highly influenced by the initial settings. That is also a reason why a checklist  
for the springback analysis and compensation had to be designed foremost. Use of the checklist results into 
more stable numerical simulations throughout the team of tool designers. The checklist focuses on initial 
settings of the numerical simulation and on setting the stamping process. Key parts are listed below: 

 Settings of imported geometry - meshing tolerance, stitching distance, max side length, etc. 
 FEM calculation - use of elastic plastic shell elements instead of membrane cells 
 Stamping process - use of the 3D or adaptive drawbeads, pressure and velocity dependency, etc. 
 Process in numerical simulation corresponds with the productive press line 
 Trimming and cutting operations with complete tool geometry 
 Radius and thickness ratio R / t < 2 
 Use of pilots due to the centering of blank position 

Above are listed only the key steps and major parts of the checklist. The whole checklist comprises  
of 6 pages focused on every part of numerical simulations. The best options for the settings of numerical 
simulations were obtained through various tests. 

In the springback methodology, aim is to get the numerical simulation as much close to the reality  
as possible. The following scheme (Figure 1) shows the designed methodology of the springback analysis 
with a focus on a stamping process of car body parts such as fender, sideboard, inner and outer doors, etc. 
Free springback between individual operations should simulate the segment of the stamping process,  
where drawn part is taken out of the previous operation and is placed into the following one. At that moment, 
almost all the tensions and elastic strain in the part are released (as in the process in the press line).  
The criterion for springback compensation vary from the geometry and from the part (in Figure 1 it is 0.8 mm). 

In the software, one can choose from various springback analysis. The major difference is in the gravity  
and how the part is clamped into the fixture during the dimensional measuring. Since the outer car body parts 
are often made of low carbon steels and the stiffness of the parts is very low, gravity substantially influences 
the analysis. That is the reason, why free springback cannot be applied in the final analysis. Instead, 
constrained springback offers all the necessary requirements for the meaningful analysis.  
For example, constrained springback in the software AutoForm uses defined points of contact as a real clamps 
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(one-sided and double-sided clamps). In addition, pilots can be defined in order to adjust and control the 
position of parts of the assembly. The problem with the real dimensional analysis is that the part  
is oftentimes clamped in all the defined RPS points (reference point system). When the part is clamped around 
its whole circumference, tensions causing springback are later not able to release properly  
and substantial part of the tensions is locked in the part. In order to analyze the springback accurately,  
the part must be partially free and thus released from the majority of the tensions. The ideal amount  
of clamps is 3 to 5 according to the geometry of the part [4]. 

 
Figure 1 Draft scheme of the methodology of the springback analysis 

2.2. Methodology of the Springback Compensation 

When it comes to the springback compensation, two approaches are known. First approach focuses  
on the manual geometry compensation with the use of one of the CAD software. This approach, oftentimes 
spring-forward method (Figure 2), requires a lot of experience in the field of forming and the method is time 
consuming due to the manual surface modeling. The more effective approach is the use of special 
computational modules, e.g. AutoForm Compensator or PAM-STAMP Die Compensation module.  
These modules focus on the geometry correction after the springback results from the previous iteration. 
Principe is similar as with the manual correction, that is, to create compensated tool geometries in order  
to optimize dimensional fit after the springback. However, to get accurate results from the compensation, very 
consistent fundamental simulation with the appropriate compensation strategy must be used [5]. 

 
Figure 2 Spring-forward compensational method, a) Springback, b) Spring-forward compensation,  

c) 1st iteration of the compensation [6] 
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Various results have been discovered throughout the research, depending on the selection of the 
compensation strategy. Figure 3 shows some compensation strategies, which are: 

A) Compensation of the OP20 drawing operation 
B) Compensation of the OP20 drawing operation and the last forming operation 
C) Full compensation - OP20 drawing, OP30+OP40 trimming and OP50 last forming operation 

 

 

 
Figure 3 Potential strategies of the springback compensation 

3. APPLICATION OF THE SPRINGBACK COMPENSATION METHODOLOGY 

The methodology has been carried out on few outer and inner car body parts, for example fender of ŠKODA 
Superb, inner fifth doors and outer fifth doors of Seat Ateca. In this research, results from application  
of the fifth door outer panel from Seat Ateca are shown. Figure 4 shows the process of initial springback 
analysis and application of compensation strategy in 3 individual iterations. In this case, from 3 strategies, only 
the first strategy (drawing operation OP20 is compensated) showed gradual and positive progress  
in each iteration. 3rd and final iterations still revealed some springback in the center of the fifth door panel. 
Specifically, springback in this area showed approximately 0.5 mm hollowing. In addition, 4th and 5th iterations 
showed worsening of the springback in all the strategies. Therefore, the ideal number of compensation 
iterations is from 3 to 5, based on this experience. 
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Figure 4 Application of the springback compensation strategy with use of the AutoForm Compensator 

 

Figure 5 Sequential springback compensation and its elimination in course of 3 iterations 

The progress of each of the iterations is represented in the Figure 5. Virtual dimensional measuring  
has been carried out in every iteration. The position of the measuring points is given by the nominal simulation 
in the Figure 4. Diagram (Figure 5) clearly points out the gradual compensation of the springback. The 3rd 
iteration (in the diagram marked as a green line) showed the best result in comparison with the reference 
geometry (in the diagram represented as a zero value). Unfortunately, the AutoForm module Compensator 
has not been able to find the optimal solution of the springback compensation in any  
of the strategies.  
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4. CONCLUSION 

The research showed that elaborate methodology for the springback analysis and compensation had  
to be designed. This research describes both methodologies and the checklist which is needed to set up  
a stable numerical simulation which can be compared with the real stamping process. The designed 
methodology was applied on various car body parts. In this research, the application on the Seat Ateca outer 
fifth door panel was briefly described. As seen in the chapter 3, the designed strategy with use  
of the AutoForm Compensator module showed positive results. In the 3rd and final iteration, springback rapidly 
decreased, only one area still revealed some springback (approximately 0.5 mm). To get the perfect results, 
compensated geometry should have springback in maximum range of 0.2 mm (in Figure 5 marked  
as a black dashed line).  

In a further research, verification of simulation and reality must be carried out, e.g. as a comparison with  
the scanned part or with the results from dimensional measuring. In both cases, the analysis  
of the springback must be carried out under the same conditions as in reality. Otherwise the results  
of the analysis will be different and it will not be possible to verify the methodology and compensation strategy. 
In addition to that, the problem with the final geometry after the compensation needs to be dealt with. The 
curvature of the surface is usually uneven and wavy due to the local compensation. Such surface is very 
complicated to produce with the metal machining and later fit bottom and upper tools perfectly together. 
Therefore, after the local springback compensation, the surface has to be smoothened.  
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Abstract 

This paper presents the results of the numerical analysis of the formation process of a turbine engine deflector. 
In the finite element model we considered thermo-mechanical phenomena occurring during industrial forming 
of the drawpiece in the hydraulic press. In the simulation it was assumed that heat is transferred to the 
environment by convection and radiation. The aim of the simulation was to estimate the temperature of the 
blank after its transfer from the furnace to the press; to analyse the temperature distribution and sheet thinning 
after the warm forming process and estimation of the drawpiece temperature.  It has be concluded that channel 
cooling reduces tool temperatures by about 60 °C in comparison with the forming tool used without the forced 
cooling. Furthermore, cooling of tools decisively determines the range of occurrence and the value of the 
maximum temperature of the forming die. 

Keywords: Cooling channels, Impetus Afea, warm forming, stainless steel 

1. INTRODUCTION 

The aim of warm metal forming processes is to eliminate such defects associated with hot forming, such as 
intensive oxidation on product surfaces and low dimensional accuracy, while maintaining the smallest 
deformation resistance [1, 2]. Determination of the range of temperatures in hot and warm forming processes 
is made on the basis of the variation of yield stress as a function of temperature and taking into account the 
effect of strain rate and the expected level of material effort [3, 4]. Material forming can be performed at the 
same temperature as the tool and formed material, although usually the tool temperature is lower and thus 
influences the relationship between the tool material strength and the deformation resistance of formed 
material [1, 5, 6]. 

Changes in temperature during formation may adversely affect the quality of manufactured products (i.e. 
changes in dimensions, surface scratches due to changes in friction conditions or unfavourable internal 
structure) [7]. Therefore, it is important during the process to ensure proper conditions of heat flow to maintain 
relatively constant tool temperature; for example, by heating the tool before the start of the forming process 
and cooling during the stamping [8]. The highest temperature of the workpiece occurs in the first stage of 
stamping and then decreases due to heat loss to the environment by radiation and convection and by heat 
conduction into the tool [9, 10]. Investigations related to the design of the cooling channels of injection moulds, 
casting moulds and tools for warm and hot material formation are the topic of many research studies [e.g., 11, 
12]. The elevated tool temperatures sometimes cause easy adhesion of lubricants to tool surfaces, particularly 
in hard to reach locations [11, 13]. 

In this paper a practical application of the Impetus Afea program for thermo-mechanical analysis using the 
finite element method (FEM) of stamping process for a turbine engine deflector made of AMS5604 stainless 
steel is presented. 
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2. MATERIAL AND METHODS 

The experiments of warm sheet metal forming presented in this paper were performed using AMS5604 
stainless steel with a sheet thickness of 1.35 mm. The chemical composition of the tested sheet (Table 1) is 
in agreement with standard ASTM A240 [14]. The mechanical parameters determined in the universal testing 
machine are (Table 2): yield stress Re, ultimate strength Rm, relative elongation Ar and Young’s modulus E. 
The stress-strain σ(ε) relations were approximated by Hollomon’s law, in the form of σ = Cεn, to evaluate the 
strain hardening coefficient C and the strain hardening exponent n. The tensile tests were performed at 
temperatures of 20 °C (ambient temperature), 400 °C, 500 °C, 600 °C, 650 °C and 700 °C. The strips for 
tensile testing were cut at 0°, 45° and 90° according to the rolling direction (RD) of the sheet.  

Table 1 Chemical composition of AMS5604 stainless steel sheet / mas. % [14] 

C Cr Ni Mn Si Mo Nb 

0.07 16,5 4.0 1.0 1.0 0.50 0.30 

Table 2 Selected mechanical properties of AMS5604 stainless steel sheet 

Temperature 

°C 

Re 

(MPa) 

Rm 

(MPa) 

Ar 

(-) 

C 

(MPa) 

n 

(-) 

E 

(GPa) 

20 904 1061 0.040 3436 0.373 206 

400 642 815 0.044 2607 0.362 186 

500 537 694 0.052 1346 0.306 183 

600 324 464 0.029 714 0.178 158 

650 276 361 0.040 578 0.149 146 

700 173 224 0.118 309 0.134 148 

3. NUMERICAL MODELING 

The aim of the numerical research was to conduct numerical analyses, using an IMPETUS Afea simulation 
system, of thermo-mechanical phenomena occurring during warm forming of the deflector of the turbine 
engine. The scope of the numerical modelling included selected stages of the deflector formation (Figure 1): 
the transfer of the sheet from the furnace to the stamping tool (model A) and warm forming of the drawpiece 
(model B). 

 
Figure 1 Stages of forming of element: a) heating of the sheet in furnace, b) transfer of the sheet to the 

stamping tool, c) positioning of the blank, d) forming and holding of the blank in the stamping die 
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The aim of the simulation was: to estimate the temperature of the blank after its transfer from the furnace to 
the press; to analyse the temperature distribution and sheet thinning after the warm forming process and 
estimation of the drawpiece temperature after withstanding the blank in the stamping die. In the simulation it 
was assumed that heat is transferred to the environment by convection and radiation. The values of the 
parameters of the thermomechanical analysis were as follows: thermal conductivity of the tool material  
k = 20 W/m2K, the thermal conductivity for cooling channels k = 40 W/m2K, convective heat-transfer coefficient 
h = 5 W/m2K, Stefan Boltzmann constant σ = 5.67-8 W/m2K4, the emissivity ε = 0.2 and ambient temperature 
T = 20 °C. The warm forming simulation consisted of three stages: the positioning of the blank, forming 
(Figure 2) and withstanding the blank in the stamping die for a certain time. In the numerical model the tools 
were modelled as non-deformable bodies. For the discretisation of the sheet geometry the shell elements were 
used. Additionally, two numerical models of the temperature distribution in the tools were considered. The first 
model (model C - Figure 3) took into account a channel cooling. The second one (Model D) did not take into 
account tool cooling. The analysis of the temperature distribution on the tool surfaces was carried out for 10 
cycles of forming. 

  

Figure 2 The tool model for simulation of stamping Figure 3 Cooling system in the punch and die 

4. RESULTS AND DISCUSSION 

After annealing of the workpiece for five seconds, the uniform temperature distribution is observed  
(Figure 4). At the location of the contact of the grip and the workpiece the temperature was about 300 °C, 
while the temperature of the grip was about 57 °C higher (Figure 5). The cyclic nature of the stamping 
operation causes an increase in the temperature of the tool as a result of heat conduction to the tool.  
The rate of increasing temperature depends on the time of the contact and a number of forming cycles. 

The highest temperature of the blank occurs in the first stage of formation, after which it decreases as a result 
of heat removal to the environment and the tool via convection and radiation. A rapid decrease of temperature 
during the transfer of the workpiece from the furnace to the stamping die makes it necessary to preheat the 
workpiece to a higher temperature than that optimal for warm forming. This often leads to a coating of the 
sheet surface with a dark oxide layer that must be removed at a later stage of the manufacturing process. 

The temperature distribution in the drawpiece after the first cycle is shown in Figure 9a. Due to the specificity 
of the forming process it is necessary to use the auxiliary sheet surfaces, which introduce tensile stress in the 
flat surface of the drawpiece as a consequence of blankholder action. Furthermore, the use of the blankholder 
reduces the elastic springback phenomenon of the sheet. In the next stage, the auxiliary surfaces are cut. 
The high temperature gradient that occurs on the auxiliary surface of the drawpiece (Figure 6) can generate 
large thermo-mechanical deformation but in the final stage of the forming process these surfaces are cut off. 
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Thinning of the sheet not exceeding 1.7% (Figure 7) is within the tolerance of ± 0.063 mm, specified in the 
technical documentation. The results of the temperature distribution both on the punch and die surfaces after 
the first and 10th forming cycles are shown in Figures 8-10. The presented results include withstanding of the 
workpiece in the forming tool for 0.1 second. 

 

Figure 4 Temperature distribution (ºC) of blank after 5 seconds annealing 

 

Figure 5 The final temperature of gripper (ºC) 

  

Figure 6 Distribution of drawpiece temperature 
(Celsius degrees) 

Figure 7 Percentage variation of sheet thickness 

A decrease in temperature in the tools after withstanding the sheet is equal to about 65 °C (Figure 8). 
Simultaneously, channel cooling of the tools decreased the area of the highest temperature on the working 
surface of the punch. A decrease in the tool temperature, which is caused by the tool material being subjected 
to variable cyclic thermo-mechanical loads, occurs after removing the drawpiece and after air or channel 
cooling of the punch surface. Significant internal stress in the tool leads to the intensification of fatigue wear. 
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Similar conclusions regarding the impact of the type of cooling on the value of the maximum temperature of 
the tool can be extended to the die surface. After the first forming cycle, there was no significant difference in 
the distribution and the maximum temperature for both variants of cooling (Figure 9). Channel cooling led to 
a reduction of the maximum die temperatures of about 67 °C in relation to the uncooled tool after 10 formation 
cycles (Figure 10). 

The highest gradient of the temperature occurs on convex surfaces of tools and around the change of the 
curvature of the tool profile (edge rounding). A long contact time of the sheet with tools, in combination with 
high pressures, is observed in these places. After 10 forming cycles the tool temperature is much lower than 
the admissible working temperature of tools made of an alloy tool steel (600-640 °C). 

 

Figure 8 Temperature distribution on the punch surface after 10th cycle of forming 

 

Figure 9 Temperature distribution on the die surface after 1st cycle of forming 

 

Figure 10 Temperature distribution on the die surface after 10th cycle of forming 

5. CONCLUSIONS 

As a result of numerical calculations by finite element method, it can be concluded that channel cooling reduces 
tool temperatures by about 60°C in comparison with the forming tool used without the forced cooling. The used 
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Impetus Afea program allows prediction of the temperature changes under the conditions of long-term forming 
processes. Cooling of tools decisively determines the range of occurrence and the value of the maximum 
temperature of the forming die. However, further research on the selection of the shape and cross-section of 
the cooling channels is necessary. The numerical results of the temperature distribution on the tool surfaces 
are close to the values recorded in production conditions using a pyrometer. 
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Abstract 

One of the modern industry trends is to be able to manufacture components of relatively small size using 
traditional or new technologies. Smaller components usually need special assembly techniques. New course 
of mechanical joining improvement is to develop process modification for decreased scale, i.e. micro-joining. 
The development of micro-joining: micro-self-piercing riveting (M-SPR) and micro-clinching (M-C), require 
designing special tooling and, in case of the M-SPR, the development of production technology of micro-rivets 
(M-rivets). Rivet production by forming produces certain distribution of stress/strain field within cross-section 
of a rivet, influencing the process of SPR joint formation in micro-joining. Stress/strain field obtained during 
rivet production is taken into account in numerical simulation of micro-riveting process. Initial assumption was 
to make joints with dimensions less than 1mm. Both, the process of preforms for M-rivets and forming of M-
rivet are proposed and verified by either numerical and experimental analysis. 

Keywords: Micro-extrusion, micro-joining, micro-rivets, numerical modeling 

1. MECHANICAL MICRO-JOINING 

One of the main development directions of the industry is to manufacture small dimensions components with 
either modified traditional or new technologies. Production of micro-devices demands adaptation of assembly 
methods, including separated parts joining. New development direction of mechanical joining techniques is 
such modification to adopt for micro-joining. One of the most intensively expanded mechanical joining methods 
of sheets are self-piercing riveting (SPR) and clinching. The SPR process has been described in several works, 
eg. [1-4]. It can be described as a continuous cold forming operation in which the rivet during setting pierces 
top layer(s) and forms a permanent mechanical interlock as a combination of positive and non-positive locking 
within two or more layers of material. It seems that the application of this method for the micro-joining could 
be very promising. Although the process seem to be more complicated than clinching, because of use of 
additional element - rivet, it offers noticeably higher joint strength. Thus, it looks that trial of adaptation of the 
SPR for micro-joining is worth consideration. 

Generally, to get a joint by means of the SPR, the rivet must penetrate the upper layer(s) and then deform 
plastically while driving into the lower layer, without piercing it, Figure 1. Initial plan with the concept of micro-
self-piercing riveting (M-SPR) process development was to make joints with dimensions in the range between 
1 - 0.5 mm. Decreasing the SPR process components size - tools, rivet, sheets - below 1 mm must have 
influence on the process design. Based on the authors experience supported by research in the field of micro-
forming, technological difficulties accompanying the proper filling of the micro-die, both in the manufacture of 
micro-rivet and in the process of micro-joining, apart from general difficulties with manipulation of the process 
components, must be taken into account. 

2. MICRO-RIVET MANUFACTURING PROCESS PROPOSAL 

Standard shapes of "macro" rivets in case of developing technology for M-Rivets inclined to use micro-
extrusion process - sequence of operations were indicated by the results of numerical simulation in conjunction 
with experimental attempts. 
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Figure 1 Outline of the standard SPR process and example of the SPR joint cross section 

Open question was related with the ability to control not only the shape of the component (M-rivet), but also 
its properties - rivet must be appropriately strengthened during forming, which is very important in macro-
joining. A separate issue in M-Rivet extrusion was to manufacture the appropriate preforms. It was planned to 
obtain preforms in a process consisting of micro-blanking, using a blankholder and ejector, and compression 
in a cylindrical die. An issue requiring special interest in design technology of M-Rivet manufacturing is to 
obtain a sufficiently dimensional accuracy and appropriate sharpness, equality of edges of the product and the 
suitable surface roughness. With respect to micro-components made from conventional materials, these 
characteristics are often difficult to obtain. 

Based on a review of industrial applications of the SPR and own research related with this technique on the 
macro scale [3-4], there was selected the most widely used shape of the rivet, which is the base geometry for 
the study of M-Riveting, Figure 2. Also the die profile geometry was proposed according to applied rivet shape. 
Selected rivet dimensions were scaled assuming that the largest dimension of the rivet (outer diameter of the 
head) will be 1mm. 

 

Figure 2 Rivet dimensions scaling idea: a - dimensions of the conventional rivet (macro), b - dimensions of 
rescaled rived (M-Rivet), c - 3D M-Rivet model 

Scaling any metal forming process to micro-dimensions is accompanied with problems related with the 
similarity theory, commonly known as - so-called - structural and contact effects of scaling [5-7]. At this stage, 
they have not been taken into account directly, but as a consequence of micro-scale significantly higher 
coefficient of friction has been involved.Usually preforms obtained after metal forming require appropriate 
secondary operations, such as evening certain surfaces or correction of dimensions. In the present case, is 
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was assumed that the resulting shape of the M-Rivet will be final. For practical reasons, in analyzed case of 
M-Rivet forming, it seemed to be the best solution, to set all operations in a dedicated tool, using specially 
designed micro-tools. 

Basing on the standard recommendations, supported by numerical modeling, two modifications of M-Rivet 
micro-extrusion process were designed. The proposed solutions used two deformation patterns shown in 
Figure 3 - process I and process II. It was assumed that the micro-preforms would be manufactured by micro-
blanking. For this purpose previously proposed concept of the CMEX process (Complex Micro-Extrusion) [8] 
was implemented. It should be noted that in the "macro-forming technology" such a method of preforms 
manufacturing is not used. Taking into account the shape (not the size) of the preform, it would be rather 
machining or cutting applied. The main reason for the use of micro-blanking preforms was just preform ,,micro-
size". 

 

 

 

 

 

 

 

 

 

 

Figure 3 A concept of two M-rivet extrusion I and II: the dimensions of the preforms (a), process diagram 
and assumed the shape of M-rivet after forming (b) 

Process I consits of: insertion of the cylindrical preform into the die, forward extrusion with flat punch over 
convex counter-punch (rod of diameter dz=0.7 mm, cup of inner diameter dw = 0.46 mm), last stage M-Rivet 
head upsetting, flat punch withdrawal, M-Rivet ejection with counter-punch beyond die zone, approaching 
divided puller, counter-punch withdrawal, M-Rivert removal from the puller hole. The process II is generally 
different by the upsetting of the M-Rivet head is splitted in two attempts. As it is shown in the figures, the 
application of variable punches system with the same die provides another path of the material flow, and 
consequently, a different strain distribution in M-rivet. It is already known for macro-scale SPR, eg. [3-4], that 
the stress state, or more precisely, the values and distribution of the yield stress, affects the quality of the final 
joint. This should be understood as a more or less optimal rivet deformation during the joining process - in 
terms of the joint strength. The difficulty in designing SPR joints with appropriate strength consists not only in 
the proper selection of the shape of the rivet and the die profile, but also matching material properties of the 
rivet and joining sheets. 

3. NUMERICAL MODELING 

Initially proposed concept of the two forming processes of M-rivet was verified by numerical modeling. As a 
result a preliminary information about probable stress distribution in the cross section of the M-rivet was 
obtained, which was another element that allowed comparison of the results of computer simulations with 
subsequent experiments conducted in the laboratory scale. General assumptions concerning numerical 
models for M-rivet forming analysis were limited to use simplifications: static, isothermal and axisymmetric 

I 

II a 
b 
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(2D). An elastic - plastic material model with isotropic strain hardening for both sheets and rivet was applied. 
Tools - die insert and counter-punch - were modeled as an elastic areas. In preliminary analysis verifying the 
proposed concept of the process, punch was rigid. Additional part - counter-punch pusher - was modeled in 
all cases as rigid. Finite element mesh consisted of four-node elements. Since the automatic remeshing 
procedure was needed because of strain gradient existing in joining sheets, especially for top layer, numerical 
model was initially optimized in terms of remeshing criteria and corresponding parameters [9,10]. In Figure 4 
selected steps of process I modeling are presented, taking into account the equivalent stress distribution in 
both tools and formed material. 

 

 

 

 

 

 

Figure 4 A - Selected simulation steps of the M-rivet forming; "Process I" (material: aluminum 1070, 
equivalent stress distribution): a) micro-preform positioning, b-e) forward micro-extrusion, f) ejection of the 

micro-component; B - Example of strain distributions in the M-rivets cross-section: process I (1) and process 
II (2); material: aluminum alloyal1070 

The simulations were performed for a selected materials - aluminum and copper - used for preforms. Visible 
differences in the distributions of the M-rivet properties were obtained, as shown in Figure 5b. The simulation 
results also indicated that in the process II relatively higher pressure is generated on the counter-punch 
forehead than in the process I. The analysis of simulation results also revealed that the production of the M-
rivet according to the process II using materials with higher yield stress (eg. steel, brass,…) may be very 
difficult or even impossible to complete. As for cognitive reasons and a verification of the FEM results, process 
I was chosen first, for different material of relatively low yield stress (following that: relatively simple tools), and 
then process II. 

4. EXPERIMENTAL TRIALS 

Analytically determined and obtained from numerical analysis results for tools loading were used to develop 
the dies design modifications in relation to the pre-proposed, the one-piece version. Two types of dies: die 
divided transversely - Figure 5a, and reinforced die - Figure 5b, and punches and counter-punches - 
Figures 5d-e, were designed and manufactured. 

Designed tools and the process of micro-riveting were tested on designed, established, prototype stand. 
Processes proceeded smoothly and tools have functioned properly in terms of strength. Developed concept 
of the complete experimental stack-up requires the special macro-system with the micro-tool (M-tool) giving 
the opportunity to exchange easily M-tool components for specific tasks. The whole system is placed on a 
table of the precise testing machine. 

A B 1 

2 
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Figure 5 The transversely divided die design (a), reinforced die design (b), transversely divided die on the 
micro-tool table (c), final shape of the counter-punch (d), the punch (flat forehead) and the counter-punch 

design (e) 

After the system for signal recording was tested, a series of processes of micro-punching of aluminum and 
copper components with simultaneous registration of force and displacement were carried out. The punch of 
1 mm diameter with a clearance of 0.01 mm were applied. Obtained components after micro-punching were 
used afterwards as preforms for the M-rivets extrusion. Figure 6 shows comparison of examples of results of 
FEM modeling and micro-punching experiments. 

 
Figure 6 FEM modeling (a) and scanning electronic microscope (b) component shapes after micro-punching 

and surfaces of the preforms after punching: FEM (c) and experiment (d). 

The next step was to carry out tests of micro-extrusion of M-rivets with simultaneous data acquisition of force 
and displacement, in order to verify the assumptions of designed processes and numerical analysis results. 
Preforms of 0.5 mm and 1 mm thickness were used for micro-extrusion. Examples of the M-rivets and the 
corresponding preforms obtained after micro-punching are presented in Figure 7, while the Figure 8 shows 
examples of metallographic M-rivet specimen. Detailed analysis of the resulting shapes allowed, i.a., for 
modifications of numerical models of micro-riveting, according to M-rivet shape imperfections, for further, more 
detailed modelling of micro-riveting. 

 
Figure 7 Experimentally obtained preforms and M-rivets: a) copper, b) aluminum 

a b 

a b 
c d 

a b c d e 
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a)                                                                             b) 

Figure 8 Comparison of the FEM and experimental results: a) determining the stiffness of the loading system 
for simulation and experiment, b) compensated by elastic deflection waveforms FEM and experiment  

forces - circles indicate points corresponding to the phases of the simulation 

Since the force-displacement history is one of the best ways to verify numerical model with corresponded 
experimental set-up, stiffness of the experimental stack-up influencing the shape of recorded parameters had 
to be veryfied. Figure 8a shows the method for determining the stiffness in the case of the experimental results 
and the simulation results. It involves finding compartments linear curve relief. Referred stiffness serve for 
compensation of the influence of elastic strains on the registered process force. In case of the experiment, 
compensation took into account three ranges of rigidity and in case of an FEM simulation - one. Figure 8b 
presents the process force flow after described compensation with marked points (circles), which correspond 
to the phases of the simulation process. Thus the numerical model was verified and can be used for further 
M-SPR development. 

5. CONCLUSIONS 

The development of micro-joining: micro-self-piercing riveting (M-SPR) and micro-clinching (M-C), require 
designing special tooling and, in case of the M-SPR, the development of production technology of micro-rivets 
(M-rivets). Initial assumption is to make joints with dimensions less than 1mm. The process of micro-rivet (M-
rivet) forming for micro-self-piercing riveting (M-SPR) has been proposed in two versions, and verified by 
numerical analysis with an experimental verification. Experimental trials have confirmed most of the 
assumptions based on numerical analysis concerning both: M-tools behavior and M-rivet forming process. 
Further work will be concentrated on micro-joining development. An attempt to develop technology for micro-
rivet production and an assessment of their applicability to join micro-elements is an original contribution to 
research in the field of micro-joining and micro-forming. 
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Abstract 

Within this work an experimental set-up was designed and constructed. It allows axial vibrations application to 
replaceable punches with a frequency of 20 kHz. Specially designed sonotrode allows amplification of the 
vibration amplitude of the piezoelectric vibrator. An unique power system allows smooth reduction of maximal 
amplitude within two ranges of peak to peak amplitude: 1-8 um and 30-50 um. The ultrasonic system is 
mounted on precision testing machine. Processes of micro-upsetting of cylindrical aluminum 1x1 mm samples 
were carried out in a special miro-die set. The methodology has been developed to prevent the swelling 
specimens from the forming area and the method of indirect amplitude control on the punching face. A 40% 
reduction in process power was observed with a doubling of vibration amplitude. A mechanism has been 
observed for the creation of multiple parallel fracture surfaces that have merged during the process so that the 
samples did not lose cohesion. This phenomenon was not reflected in the course of process forces. It was 
only possible during the structural analysis.  

Keywords: Microforming, Ultrasonic-assisted, micro-upsetting  

1. INTRODUCTION 

Since the beginning of the twenty-first century one can observe rapid and growing development in the field of 
micro-electro-mechanical devices. This means the growing demand for micro-parts, which occupy a large 
group of manufactured metal parts forming technology. This technology, in respect of products miniature, has 
become so common that it was established a separate branch, ruled by slightly different laws - microforming 
[1]. This differences are due to so called size effects observed on a different aspects of forming processes as 
a grain size [2], friction phenomena [3], [4] or tool design [5]. In the area of microforming a dedicated methods 
[6] as well as trial of unconventional methods and materials [7] usage be observed for supporting the industrial 
processes design [8], [9], which are largely associated with small dimensions [10], and therefore with small - 
compared to standard metal forming processes - costs of supporting systems. One of the research directions 
in microforming is related with the application of vibrations [11] and also ultrasonic vibration tools support [12]. 
Attempts to use vibrations support for microforming processes have a long history, started by Garskii and 
Efromowa [13] and Blaha and Langenecker [14] in the 50s of the twentieth century. In the following years, a 
lot of research in this area were done. They led to the formation of opinion about the beneficial effects of 
vibrations on the process of forming due to the presence of two effects, so called surface and volume effects. 
The former usually leads to reduction of friction forces, the latter influence the widely understood course of 
plastic deformation in microstructure. Despite these widely accepted opinions, there were no spectacular 
industrial applications assistance of ultrasound so far. The causes might be sought in the restrictions of energy 
consumption resulting from the necessity of spending large vibration energy in relation to the average volume 
of products plastically formed. The situation changed noticeably with the development of micro-forming, due 
to the low average weight of the micro-parts - usually less than 1g.   

2. EXPERIMENTAL SET-UP 

2.1. System design 

The testing stand, Figure 1, consists of a precision Hounsfield H10KS strength machine (a1) with a beam 
position accuracy of 1 μm. On the table machine is mounted (a2) with the micro-device on it (a4) and the 
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ultrasonic head (a3) connected with sonic blaster (b1).The ultrasonic energy is applied on the punch, Figure 2. 
The electric signal (from Sonic Blaster is applied to piezo-electrical ceramics (included in the Sandwich 
Transducer - 1) that will convert this signal into mechanical oscillations. The converter converts electricity into 
high frequency (20 kHz) mechanical vibration. The active elements are usually piezoelectric ceramics. The 
booster - 2 serves as an amplitude transformer. Amplitude magnification or reduction is achieved by certain 
design features or the geometrical shape of the booster. The Sonotrode - 3, is the active part of the ultrasonic 
unit. It, when is in contact with the specimen perform the desired process task. The amplitude distribution along 
the ultrasonic head shows Figure 2a. Ultrasonic system works in resonance frequency and has possibility to 
follow small changes in a resonance frequency during the process flow. It is possible to control a power of the 
Sonic blaster on a two ways: 1. Changing a percentage of driving power on a range of 20-100 %, 2. apply 
voltage from the outside transformer directly to the power unit of Sonic blaster - in the range of 20 - 90 V.       

 
Figure 1 Experimental set-up: a) overview, b) sonic blaster, c) micro-set with counter punch, d) close-up of 

plastic deformation zone - further described, e) overview of micro-set 

2.2. System testing 

The High-Speed/High-Accuracy Laser Displacement Transducer is used for calculating Peak to Peak 
amplitude. This device is used by setting averaging measurements set to 10000 and the sampling cycle to 392 
kHz (2.55us) for calculating amplitude behaviour on the punch nose. Result of testing amplitude are shown in 
the Figure 2. 

2.3. Amplitude control method on the stamp face during micro-forming 

 
Figure 2 Tested performance of ultrasonic system: peak to peak (PP) amplitude on the punch nose - free 

oscillation  
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Since it is not possible to directly measure the amplitude on the stamp face during the microforming process, 
an indirect method is proposed. The method is to measure the amplitude on the buster surface area available 
and multiply it by the empirically determined gain factor. Appropriate research was conducted to measure the 
amplitude of the punch face and the bust area without load within the range of power used. 

Then the gain factor as a function of the power is determined. The results are shown in Figure 3. It was 
necessary to check whether there is no amplitude attenuation during the plastic micro-shaping process. For 
this purpose, a process of upsetting was performed during which the vibration amplitude was recorded on the 
buster surface. Damping was reported for only 20% of power. The rest of the range of attenuation was not 
recorded.  

 
Figure 3 Testing of ultrasonic system: a) example of amplitude distribution along the axis of US-head, b) 

amplitude on a buster surface, c) amplitude on a punch nose, d) overview of a High-Speed/High-Accuracy 
Laser Displacement Transducer, e) Amplification factor as a function of applied power  

3. EXPERIMENTAL RESULTS 

3.1. Specimen preparation 

Test samples were prepared by micro-punching of aluminum sheet 1050 in hardened z4 condition. As a result 
of this process, samples were created with the dimensions: d = 0.97 ± 0.01 h = 0.97 ± 0.01 with a characteristic 
punching process. It is shown in Figure 4 together with the sample SEM sample. 

 
Figure 4 Test sample: a) sample pattern after micro-punching,  

1 - glossy surface, 2 - crack surface, 3 - radius, 4-burr, b) SEM of example specimen 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

524 

3.2. Research procedure 

Conducting a free upsetting process with vibration-assisted handling encounters severe difficulties in 
advancing the sample from the area between the punch and the counterpunch. To overcome this 
phenomenon, the solution shown in Figure 1d is used. Sample - d1, placed between the counter-punch - d2 
and the punch - d3, inside the inner ring of soft plastic - d4, which is surrounded by a harder intermediate ring 
- d5. Ring movement d5 limits the outer ring d6 fixed on the counter-punch.    

3.3. Results 

There are results obtained in the micro-upsetting processes under the conditions shown in Table 1.   

Table 1 Experiment result of ultrasonic upsetting 

Specimen 

Al state z4 

Deformation 
velocity 

Initial height Final height PP-Amplitude Max Force 

mm/min mm mm um N 

(a) 0.5 0.996 0.558 5.4 133.3 

(b) 0.5 0.985 0.578 8.4 80.0 

(c) 0.5 0.985 0.655 11.1 82.3 

Figure 5 shows the flow patterns as a function of machine beam displacement, and in Figure 6 the 
corresponding SEM samples. 

 
Figure 5 Ultrasonic assisted upsetting of specimen: (a), (b) and (c) - see Table 1 

 
Figure 6 SEM of specimens (a), (b) and (c) after ultrasonic assisted upsetting - see Table 1 
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4. RESULTS ANALYSIS 

Using a PP amplitude of 5.4 - 11.1 μm range, causes the samples to burst in volume along the surface of the 
maximum tangential stresses. This process is different. In general, it can be said that there is a "i" cracking 
surfaces, where "i" can take values from 1 to a significant number. The effects of this process can be clearly 
seen in the figure. 

 
Figure 7 SEM close ups of specimen (b) after ultrasonic assisted upsetting - PP amplitude 8.4 um 

Additionally, these surfaces can have a different participation in the whole phenomenon. During the process, 
vibrations are likely to contribute to local "healing" of cracks and subsequent cracking. The sample then 
assumes successive shapes without losing stability. At the same time, the cracks are formed and are "healed". 
The mechanism of "healing" of internal microcracks may coexist with a larger-scale mechanism, which is 
surface "welding" of the separated parts of the product, Figure 6 b,c. This process is so strong, that no "main" 
fracture of the object in the waveform graph can be observed in the force flow graph, Figure 5 b. The formation 
of a "major" break in the vicinity of formation of equivalent fractures, is a very unstable process and may occur 
for the "same shaping conditions". It should be noted that the reproducibility of the conditions is a matter of 
discussion in case of resonant systems.  

5. CONCLUSION 

Experimental stack-up 

 A test stack-up was completed to perform micro-forming processe involving ultrasonic vibration of the 
punch. 

 An ultrasonic system of micro-forming processes was designed and tested by generating a standing 20 
kHz ultrasound waveform in a punch. The system is capable of smoothly varying the amplitude of the 
vibration on the stamp face in two ranges: 1-6 μm and 16-25 μm. 

 It has been found that the amplitude of the punch face vibration that is not directly measurable during 
the process can be measured indirectly by measuring the amplitude of the vibration at the sensor surface 
accessible by the amplifier: no vibration amplitude was observed during the process. 

 The frequent occurrence of the swelling of the upsetted sample from the area between the tools can be 
eliminated by using plastic positioning rings.  

Process of upsetting with amplitude in the range PP 5.4 - 11.1 um 

 Force of the aluminum sample upsetting process decreases as the amplitude of the vibration increases. 
Increasing the PP amplitude from about 5 to about 10 um resulted in a decrease of approximately 40% 
of the process force. However, after the structural investigation turned out to be the following. 

 Supporting the upsetting of aluminum samples with a 20 kHz ultrasonic vibration in the amplitude range 
of 5.4 - 11.1 μm results in the simultaneous formation of multiple fracture surfaces parallel to the typical 
fracture surface along the maximum tangential stress. These surfaces are sealed during the process 
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and the samples do not lose cohesion. This process is not visible in the upsetting graph. Although the 
effects of this phenomenon are visible only during structural analysis, this phenomenon should be 
regarded as destructive.  
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Abstract  

Development of production technology of very fine-grained material is currently very intensively accelerated. 
Even in scientific research, it is recognized that precisely controlled forming processes, including special 
processes, enabling control of technological parameters with regard to the structure and its further refinement, 
currently has the highest gradient utilization efficiency of scientific research findings into practice. Besides the 
methods C2S2 and ARB for sheet metal forming, in terms of industrial practice intensively develop new 
technologies, to which also belongs Dual Rolling Equal Channel Extrusion (DRECE) method. Forming device 
that uses the method in question is currently being installed at the workplace in Centre of Advanced Innovation 
Technologies, VSB Technical university of Ostrava. Experimentally were verified steel DC 01- strip sheet with 
dimensions 58 (width) x 2 (thickness) x 2 000 (length) mm. The paper evaluated the influence of severe plastic 
deformation (SPD) on the quality this steel at sizes angle forming tool 108°. In the present work are solved 
structural characteristics of carbon steel DC01 after application DRECE method, including an assessment of 
basic mechanical properties, that are important for application scientific research findings into practice. 

Keywords: Severe plastic deformation, DRECE method, forming tool, steel DC01, structure and mechanical  
                    properties 

1. INTRODUCTION 

New technologies, which use high deformation for obtaining the fine-grained structure, are described namely 
by the following authors [1 - 4]. This research concerned the whole production of ultrafine-grained (UFG) 
materials, using Severe Plastic Deformation (SPD). Several types of SPD technologies serving for production 
of UFG metals were developed already at the beginning of the nineties. One of them is new type of methods 
called DRECE, designated for obtaining UFG structure in a strip of sheets and rods. Research areas of SPD 
processes as ECAP and DRECE technology at the Department of mechanical technology VSB - Technical 
University of Ostrava are intensively developed. Effectiveness of this method is evaluated by using simulations. 
According to the results, appropriate adjustments by the forming tool have been designed to achieve a higher 
intensity of deformation to obtain the UFG structure. With use of the simulation process SPD is seen to increase 
the intensity of deformation after each pass to a value of 3.5 which is a region of small and medium 
deformations. The functionality of the forming device that uses a new forming method DRECE has been 
verified by experimental activities, namely on non-ferrous metals [5 - 6]. 

For ensuring the general implementation of the UFG materials into industrial practice this direction of 
development is not only logical, but also highly desirable. Experiments are now carried out on different types 
of steels. 

The DRECE method is similar to the DCAP (C2S2) process. Scheme of DRECE method is shown in Figure 1 
and forming device for extrusion of strip sheets is shown in Figure 2. Equipment consists of the following main 
parts: gear of the type Nord with electric drive, disc clutch, feed roller and pressure rollers with the regulation 
of thrust, forming tool made of the steel grade Dievar. A strip of the sheet with dimensions 58 x 2 x (1000 - 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

528 

2000) mm is fed into the working space and it is pushed by the feed roller with help of pressure rollers through 
the forming tool without change of its cross section [6 - 9]. 

Figure 1 Scheme of DRECE method Figure 2 Forming device for extrusion of strip 
sheets 

2. EXPERIMENTAL MATERIAL, PROCEDURES AND RESULTS 

The strip sheet of steel DC01 with dimensions 58 x 2 x 1000 mm and 2000 mm length was used for 
investigation. The chemical composition of DC01 steel is given in Table 1. Used sheets were extruded through 
the DRECE equipment. Mechanical properties (yield strength Rp0.2, ultimate tensile strength Rm, ductility A80, 
A50 and hardness HV10 were evaluated in initial state and after forming process [7]. All the tensile tests were 
performed according to the ISO 6892-1 with using standardized test-pieces according to Annex D. 
Investigation was completed by metallographic evaluation of microstructure of selected samples. 

Table 1 Chemical composition of DC 01 steel in weight % 

Element C Mn P S 

wt. % 0.10 0.45 0.03 0.03 

2.1. Evaluation of mechanical properties 

Evaluation of mechanical properties by tensile test and HV10 hardness test shows Table 2 and Figure 3 for 
DC 01 steel. 

Table 2 Results of tensile test - DC 01 steel 

No. of passes Rp0,2  (MPa) Rm  (MPa) A80  (%) HV10 (-) 

Initial state 173 311 50.3 93 

2 370 391 22.6 122 

4 382 411 15.8 135 

6 390 415 14.8 133 

8 415 419 6.0 149 
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Figure 3 Mechanical properties of DC01 steel after extrusion process  

On the basis of the results obtained from the tensile tests, it can be stated with respect to the initial state, that 
after the 2nd passes the yield strength Rp0,2 is increased by 31.5 % and the ultimate tensile strength Rm by 8 
%. At the same time, there will be a slight decrease in the ductility by 8 %. After the 4th - 8th passes through 
the forming tool, the yield strength increased by 48 % Rp0,2 and the ultimate tensile strength Rm by 8 % relative 
to the initial state. As it is seen from these tables the yield strength and ultimate tensile strength after DRECE 
processing are increased while the elongation is decreased.  

2.2. Metallographic analysis  

Metallographic analysis was made on optical microscope NEOPHOT 2 for obtaining orientation information, 
as to whether grains were refined. Structure was analysed on the cross section of the sheet. Microstructures 
of DC01 steel is shown in Figure 4.  

  

a) initial state (500×) b) after 6 passes (500×) 

Figure 4 Microstructure of DC 01 steel 

Comparison was made of the initial state and of the states to the 6th pass. The structure of the steel used is 
ferrite-perlite with low perlite content. It was observed that refining of grains after each pass was only small [7]. 
From the reason deformation of material we can presume creation of sub-grains which will be studied with 
application TEM (SAED) method.  
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The metallographic analyze was occurred no significant refinement in the structure during the SPD process. 
The average grain size was determined in accordance with EN ISO 643 as standards G 8-9. The grain structure 
was most significantly influenced after the 2nd pass through the forming tool, where the average size in the 
initial state, reached the value dAV = 60 μm and after the 2nd pass approximately dAV = 15 μm. After the 6th 
pass, the grain size was occurred 10 μm. 

2.3. Erichsen and Fukui technology test 

Technological tests of the material have been proposed to verify formability of steel DC01. Erichsen deep-
drawing test and Fukui cone drawing were carried out at the Center of the Plastometric Technology at the 
University of Žilina. Universal device BPM-TESA-Schweiz is shown in Figure 5. 

Samples of the initial state of forming steel and samples after the 1st to the 6th passes by the forming tool were 
prepared. The samples to the Erichsen test were prepared with dimensions 58 mm × 58 mm × 2 mm. At the 
same time the series of samples for the Fukui test were prepared with dimensions ∅ 50 mm × 2 mm. 

The test results, including crack occurrence on selected samples are shown in Figure 6 (Erichsen) and 
Figure 7 (Fukui). 

  
a) b) 

 Figure 5 Device BPM-TESA-Schweiz a) Overall view, b) Detail of the mandrel 

  

  
a) initial state b) after the 6th pass 

Figure 6 Results of Erichsen technology test  
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a) initial state b) after the 6th pass 

Figure 7 Results of Fukui technology test  

As it is seen from this pictures for all tested samples, a so-called concentrated crack was created - i.e. material 
is suitable for deep drawing process. A detailed description of the experimental results is shown in the paper 
[8].  

2.4. Industrial using 

Through the tests use properties in industrial practice will tested conducted door lock made by companies 
HOBES, Ltd. (see Figure 8). 

By using this technology, manufacturers can achieve significant economic effect by replacing the currently 
used expensive materials and therefore will create a more favorable price relation in the production of finished 
parts. 

 

Figure 8 Door lock  
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3. CONCLUSION 

Equipment DRECE mentioned above is suitable for substantial enhancement of mechanical properties of 
metallic materials. From the viewpoint of forming parameters higher number of passes will bring considerable 
strengthening of the formed material.  

As it is seen from the results of tensile test the yield strength and ultimate tensile strength after DRECE 
processing are increased while the elongation is decreased. It may be assumed from dependence mechanical 
properties on number of passes the optimal ratio yield stress and ultimate tensile stress due to the achievement 
of the ductility value is after the 2nd or the 4th pass. 
The experimental verification of the structure refinement by light microscopy was not occurred. From the 
reason deformation of materials we can presume creation of sub-grains which will be studied with application 
TEM and SAED methods. 

Results of Erichsen and Fukui technology tests show that for all tested samples, a so-called concentrated 
crack was created - i.e. the material is suitable for deep drawing process 

The results of this work should contribute to the development of new forming method DRECE for needs of 
industrial practice. 
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Abstract  

In this paper, influence of initial structure of C45 medium-carbon steel on the value of its flow stress was 
examined. The research was based on comparison of experimental stress-strain curves acquired using 
uniaxial compression tests of two initial structural states. Experimental labors were performed in the range of 
deformation temperatures of 900 °C - 1250 °C and strain rate range of 0.05 s−1 - 20 s−1. The values of the true 
(logarithmic) strain reached up to 1.0. The values of the hot deformation activation energy of both initial 
structure states were calculated and compared. The impact of the initial structure on the flow stresses of the 
surveyed carbon steel was confirmed. 

Keywords: Uniaxial compression test, flow stress, activation energy 

1. INTRODUCTION 

The stress-strain curves serve for description of evolution of the flow stress in dependence on the deformation, 
temperature and strain rate. It is very important to predict the material natural flow stress during hot forming, 
for example, for choosing the right tool for material forming. Such a prediction can be, however, complicated 
in the case of big deformations where it is complicated by dynamic healing processes. A whole range of 
equations exists dealing with the mathematical description of stress curves [1-3]. 

Activation energy is an important material constant for hot forming, which depends on the chemical 
composition and material microstructure. It is used, for example for prediction of the stress peak point, i.e. of 
the maximum flow stress and the beginning of the dynamic recrystallization of material formed under the given 
thermo-mechanical conditions. Plastometric tests (torsion test and compression test) are used in particular its 
the determination of [4, 5]. These tests will then provide the appropriate data for calculating the activation 
energy, which is calculated from the relationship (1) derived from the Sellars and Tegart equation [6]. 

푒̇ = 퐶 ∙ 푒푥푝
−푄

푅 ∙ 푇 ∙ 푠푖푛ℎ(훼 ∙ 휎 )  (1) 

where  푒̇- strain rate [s-1], 푄- activation energy [J∙mol-1], 푅- specific gas constant 8.314 [J∙mol-1∙K-1],             
푇- temperature [K], 휎 - natural flow stress in the peak [MPa], 퐶- material constant [s-1],               
훼 - material constant [MPa-1], 푛- material constant [-] 

The relation (1) was originally developed for a mathematical description of the strain rate corresponding to the 
stress in the steady state area σss. In principle, it is possible to use for calculation of activation energy both 
σmax and σss. However, the maximum stress σmax is used more often since the σss values are available only 
with difficulties for wide ranges of strain rates and temperatures. 

2. DESCRIPTION OF EXPERIMENT  

The main objective of the experiment was to determine the effect of the initial structure on the stress-strain 
curves on C45 medium-carbon steel. Two types of initial structures, namely cast structure (CS) and deformed 
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structure (DS), were examined. Another objective of the work consisted in determination of the activation 
energy of both structures. 

Steel C45, which is according to ČSN standard, referred to as steel grade 12 050, is the most used high-grade 
carbon steel. Its carbon content of 0.42-0.50 % classifies this steel as a sub-eutectoid steel. Other chemical 
elements include silicon, chromium and nickel, all three of which have an identical weight content of max. 
0.4 %. Another element is manganese, the content of varies within the range from 0.50 to 0.80 %. The 
maximum content of noxious elements, such as phosphorus and sulphur, is max. 0.035 %. The molybdenum 
content is max. 0.1 %. It is appropriate to apply moreover heat treatment to this steel, such as refining or 
surface hardening. 

3. METALLOGRAPHIC ANALYSES  

In the first part of the experiment, the samples were subjected to metallographic analysis, where they were 
etched to the original austenitic grain. The results of the microstructures are presented in Figures 1 - 5. All the 
samples were heated to the respective quenching temperature, with a dwell of 7 minutes at this temperature, 
and then quenched in water. They were then tempered at 350 °C for 30 minutes.  

  
Figure 1 Deformed state  - quenching  

temperature 900 °C 
Figure 2 Deformed state  - quenching  

temperature 1000 °C 

  
Figure 3 Deformed state  - quenching  

temperature 1120 °C 
Figure 4 Deformed state  - quenching  

temperature 1250 °C 

Figures 1 - 4 represent an initial deformed structure (DS) heated to the appropriate investigated temperature; 
Figure 5 shows the initial casting structure (CS) heated to 1250 °C.  The size of the original austenitic grain 
was determined from the selected structures by the straight line method [7]. The results of grain size 
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determination are shown in Table 1. Metallographic analysis proved that the size of the original austenitic grain 
increased with the increasing temperature. At high temperature, the size of the original austenitic grain in the 
cast and deformed structure was almost identical. 

 

Table 1 Determination of the size of austenitic grain 

Sample Average grain size  [μm] 

DS- 900 °C 8.15 

DS-1000 °C 17.04 

DS-1120 °C 38.85 

DS-1250 °C 95.25 

CS-1250 °C 98.06 
 

Figure 5 Cast state - quenching  
temperature 1200 °C  

4. STRESS-STRAIN CURVES   

Compression tests were performed to determine the stress curves. The tests were run on the Gleeble 3800 
plastometer using the Hydrawedge II module. The test specimens was a cylinder with a height of 15 mm and 
a diameter of 10 mm. Samples of the C45 steel were taken from two types of initial structure, cast and 
deformed one. Test specimens of cast steel were prepared from continuously cast blanks (CCB), while test 
specimens of steel with deformed structure were made from rolled bars. Thermocouples were welded onto the 
test samples, which measured temperature during the test. We used strain rates of 0.05 s-1, 1 s-1, and 20 s-1 
and a deformation temperatures of 900, 1000, 1120 and 1250 °C. The test specimens taken from the cast 
structure were preheated to 1250 °C with a dwell of 60 seconds before the deformation itself. The specimens 
were then cooled down to the appropriate deformation temperature or they were even immediately deformed. 
The specimens taken form the deformed structure were heated to the appropriate deformation temperature 
with a dwell of 60 seconds. After completion of the individual tests, the measured data necessary for evaluation 
of the plastometric tests were recorded and automatically stored. The curve evolutions for all the investigated 
temperatures are shown in Figures 6 - 9. 

Evolutions of the both initial structures at 900 °C can be seen in Figure 6. The cast state is represented by 
a solid line, the deformed state is represented by a dashed line. At the strain rate é = 0.05 s-1, the peak of the 
curve for the sample with the deformed structure is shifted to a lower value of deformation as compared to the 
peak for sample with the cast structure. At the strain rate é = 1 s-1, the peak of the curve for the sample with 
the deformed structure is also shifted to a lower value of deformation. At the highest investigated strain rate é 
= 20 s-1, the peak of the sample with deformed structure reached higher values of stress. In all the curves 
related to the initial deformed structure, a drop in the stress curve after the peak is evident till the value of the 
stabilised state of plastic flow rate. The drop of stress for samples with the initial cast structure is not to 
noticeable. 

The stress curves for both structures at a temperature of 1000 °C can be seen in Figure 7. At the strain rate 
of 0.05 s-1 no such significant shift of the stress peak to greater deformations can be observed, as it was 
observed at 900 °C. In the case of strain rate of 1 s-1 it is possible to observe for the initial cast structure 
a significant shift of the stress peak to greater deformations, as well as less significant drop of stress. 
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When comparing the diagrams for temperatures of 1120 °C and 1250 °C (Figures 8 and 9) no more significant 
shift of the curve can be observed anymore. Only the curve for the initial deformed structure that was deformed 
at the strain rate of 1 s-1 and at a temperature of 1120 °C, shows higher values of stress in the steady state 
area. 

  

Figure 6 Influence of strain rate on the stress 
curves of both structures at a temperature of 

900 °C 

Figure 7 Influence of strain rate on the stress 
curves of both structures at a temperature of 

1000 °C 

  

Figure 8 Influence of strain rate on the stress 
curves of both structures at a temperature of 

1120 °C 

Figure 9 Influence of strain rate on the stress 
curves of both structures at a temperature of 

1250 °C 

5. ACTIVATION ENERGY 

A special software “ENERGY” was developed for calculation of activation energy at hot forming and for 
description of kinetics of dynamic recrystallization. This software ENERGY in the version 4.0 works in two 
modes (manual and automatic). The manual mode evaluates the data on the basis of linear regressions. The 
automatic mode refines more precisely the results obtained in the manual mode using the method of least 
squares on the basis of non-linear regressions. The values of the maximum flow stress σmax and the strain rate 
values at a given temperature serve as input data for calculating the activation energy [8]. 

The program ENERGY 4.0 makes it possible during manual calculation to remove at any step of calculation 
the points that are rather remote and might negatively affect the calculation. In this case, this feature was not 
used and all the points were used for the calculation, since no point was found to be too remote. The final step 
consists in automatic calculation of the activation energy and of all other constants, using the method of least 
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squares, for more precise determination of the values that were calculated in the manual mode. In this step a 
graphical comparison of the measured and calculated values of stress is also created. It is generally assumed 
that the values obtained by the automatic mode are more accurate than those determined in the manual 
mode. Therefore, we can say that the activation energy of the investigated steel for the cast state is 312 kJ/mol 
and for the deformed state it is 300 kJ/mol. The results of the activation energy and of the individual constants 
for the initial cast and deformed structures are given in Table 2 and Table 3. 

On the basis of the calculated values of the activation energy and of other material constants of the investigated 
steel, it is possible to predict with good accuracy its maximum natural flow stress and the deformation 
necessary for the initiation of dynamic recrystallization (approximately ep (2)) in dependence on the strain rate 
compensated by temperature, i.e. on the Zener-Hollomon parameter Z (3) involving the material factor exactly 
by specific value of the activation energy. 

푒 = 푈 ∙ 푍  (2) 

푍 = 푒̇ ∙ 푒푥푝
푄

푅 ∙ 푇  (3) 

Table 2 Values of activation energy and of individual constants for the initial cast structure 

 Q [kJ/mol] n (1250 °C) α (900 °C) 
[MPa-1] C [s-1] U W 

Manual calculation 345.92 5.4100 0.00868 5.03·1013 0.01063 0.100 

Automatic calculation 312.01 5.1039 0.00790 4.19·1012 0.01157 0.108 
 

Table 3 Values of activation energy and of individual constants for the initial deformed structure 

 Q [kJ/mol] n (1250 °C) α (900 °C) 
[MPa-1] C [s-1] U W 

Manual calculation 308.13 4.5400 0.00948 8.45·1011 0.01081 0.106 

Automatic calculation 299.42 5.0654 0.00720 2.12·1012 0.01100 0.109 
 

6. CONCLUSIONS 

The paper presents the results of uniaxial compression tests carried out on the plastometer Gleeble 3800 
using a Hydrawedge module and metallographic analyses. The tests were performed on the cast and 
deformed structure of medium carbon steel grade C45. Compression tests were conducted over a wide range 
of temperatures, i.e. 900 - 1250 °C, as well as that of deformation rates of 0.05-20 s -1. 

It is evident from comparison of the deformation curves that the curves of both structures differ. The difference 
in curves is most noticeable at lower temperatures. The curves of the deformed structure achieve the maximum 
values of stress at lower values of deformation than the curves characterising the cast structure. It can be said, 
therefore, that the fine-grained structure shifts the beginning of dynamic recrystallization to lower values of 
deformation. At high temperatures, the stress curves of both structures are almost identical. 

Using the program “Origin”, the peak values of the individual curves necessary for calculation of the activation 
energy were read. After that the values of the activation energy values of cast and deformed structures were 
calculated with the use of program “Energy 4.0”. The value of the automatically calculated activation energy 
of the cast structure was 312.01 kJ/mol, while for the deformed structures it was 299.42 kJ/ mol. Metallographic 
analysis showed that the size of the original austenitic grain increased with the increasing temperature. At high 
temperature, the size of the original austenitic grain in the cast and deformed structures was almost 
identical. This fact explained the similarity of the deformation curves - stress at high temperatures. 
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Abstract  

The forming properties and simulated side impact crash tests of two types of B-pillar reinforcements were 
analysed. The first B-pillar was drawn from simple blank made of dual phase steel DP600 with thickness of 
1.2 mm. The second one was drawn from tailor-welded blank consisting of two dual phase steels DP600 and 
DP980 with thickness of 1.0 mm. The wall thicknesses in exposed areas of drawn parts were calculated. Both 
types of B-pillar reinforcements could by drawn without the cracks creation during the drawing process after 
optimization of blank holder forces. The simulated side impact crash tests showed similar reaction and 
deformation force values for both drawn parts and confirmed the same safety of B-pillar reinforcements made 
of tailor-welded blank as for the one made of simple blank. 

Keywords: Tailor-welded blank, dual phase steel, simulation, deformation force, reaction force 

1. INTRODUCTION 

Tailor-welded blanks (TWBs) made of advanced high strength steels such as dual phase (DP) steels, complex 
phase steels, TRIP steel, etc. have been widely used for forming of drawn parts with extraordinary properties 
in car body structures. TWBs are semi-finished parts that consist of two or more single sheets that are welded 
together prior the forming process. The sheets can exhibit different mechanical properties, thickness or 
coatings [1 - 4]. Using of DP steels in TWB design enables to achieve the different stress-strain characteristic 
in particular areas of the drawn part and to satisfy the safety requirements of the part. Frames, cross beams, 
vertical beams, side impact beams, and safety elements are often made of DP steels [5 - 7]. The excellent 
mechanical properties of DP steels are the consequence of their multiphase structure. Microstructure of DP 
steel consists of ferrite and martensite with different portion of these phases. The increase of martensite portion 
from 10 to 50 % is accompanied by the increase of tensile strength approximately from 500 to 1200 MPa but 
the decrease of ductility from 27 to 10 %. The variations in mechanical properties of DP steels enables an 
adaptation to locally different loading conditions in the drawn part at the same thickness of welded DP steels. 
This can lead to the essential weight reduction compared to conventional structural components drawn from 
simple blanks [8 - 11].  

2. EXPERIMENT 

The experiments were concentrated on the analysis of B-pillar reinforcements made of two types of blanks 
during their drawing processes and side impact crash tests. The geometries of both blanks were designed in 
Dynaform software and are documented in Figure 1. The first type of B-pillar reinforcement was deep drawn 
of simple blank (SB) made of DP600 steel with thickness of 1.2 mm (on the left in Table 1). In the second B-
pillar reinforcement the thickness was reduced to the value of 1.0 mm (on the right in Table 1) with the aim to 
achieve 20 % weight reduction of the part. To fulfil the same strength and stiffness requirement, the second 
B-pillar reinforcement was made of TWB which consisted of two DP steels DP600 and DP980 with different 
mechanical properties. The comparison of chemical compositions and mechanical properties of experimental 
DP steels is given in Table 1 and 2. Used DP steels differ in contents of carbon and manganese, but the 
maximal content of other elements is the same (Table 1). The DP980 grade DP steel has higher amount of 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

540 

these elements which is the consequence of higher portion of martensite in its microstructure and higher 
strength but lower plasticity in comparison with DP600 grade DP steel (Table 2).  

Table 1 Maximal concentration of elements in DP steels (wt. %) 

Steel C Si Mn P S Al V B Cr + Mo Nb + Ti 

DP600 0.17 0.8 2.2 0.08 0.015 2.0 0.2 0.005 1.0 0.15 

DP980 0.23 0.8 2.5 0.08 0.015 2.0 0.2 0.005 1.0 0.15 

Table 2 Mechanical properties of DP steels 

Steel Tensile strength (MPa) Proof strength (MPa) Elongation (%) 

DP600 min. 600 340 - 420 min. 20 

DP980 min. 980 600 - 750 min. 10 

In TWBs the DP600 steel was used in outer boundaries and DP980 in the middle of the part, as can be seen 
in Figure 1. The location of the weld line was designed according to the simulation of drawing process. The 
location of exposed area with maximal wall reduction and the highest bending stress at the crash tests were 
also taken into considerations at designing of the TWBs. 

 
Figure 1 Geometry of SB (left) and TWB (right) used for drawing process 

The CAD tool model for deep drawing simulations was designed using Dynaform software and is shown in 
Figure 2. It consists of drawing punch, blank, blank holder and drawing die and it created the base for 
simulations of forming process. 

 
Figure 2 CAD tool model used for simulation of drawing process 
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To obtain the stress-strain properties for simulation of forming properties of drawn parts, the tensile tests of 
DP600 and DP900 steel as well as the tensile tests of fibre laser welded joints of these two steel sheets were 
performed. The sample consisting of DP600 and DP980 steel after the tensile test is in Figure 3. The tensile 
tests of all samples confirmed that all laser welded joints achieved the strength of DP600 steel, because all 
samples broke outside the weld region in DP600 steel base material. 

 
Figure 3 Tensile sample consisting of DP600 and DP980 steel after the tensile test 

 

Figure 4 Simulation of drawing of B-pillar reinforcement from simple blank (SB): true strain distribution  
(see the figure) and wall thicknesses in exposed areas (see the adjacent table)  

The results of drawing simulation of B-pillar reinforcement drawn from SB with concentration of true strains 
distribution is presented in Figure 4. The figure shows the positions of five maximal true strain values which 
are marked by lines in this figure. They are concentrated in exposed area of possible cracks propagations. 
The true strain values were used for calculations of the final wall thicknesses and these are given in adjacent 
table. The highest reduction of wall thickness calculated according to the final wall thickness of 1.0121 mm 
reached the value about 0.2 mm and is in the true strain position No. 1 in Figure 4. The negative true strain 
values in this figure present wall thickness increase. The maximal drawing force reached 918.8 kN and the 
optimised blankholder force was 250 kN during the simulation of the drawing process. 

The results of drawing simulation of B-pillar reinforcement from TWB is in Figure 5. The positions of true 
strains in exposed area used for calculations of the wall thickness and maximal wall reductions can be seen 
in Figure 5. The highest reduction of wall thickness was about 0.12 mm (wall thickness of 0.8821 mm) in the 
position No. 1 in Figure 5. In spite of this reduction the cracks propagations weren’t observed during the 
simulation of drawing process. The maximal drawing force reached 1036.5 kN and the blankholder force was 
180 kN during the simulation of the process. The wall thickness reduction was smaller, but the drawing force 
was higher in comparison with SB drawing experiment. 
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Figure 5 Simulation of drawing of B-pillar reinforcement from TWB: true strain distribution (see the figure) 

and wall thicknesses in exposed areas (see the adjacent table) 

3. SIDE IMPACT CRASH TEST SIMULATION OF DRAWN PARTS 

To analyse the deformation of B-pillar reinforcement made of both SB and TWB the side impact crash tests of 
a car were simulated in Dynaform software. The position of B-pillar reinforcement was defined with anchoring 
at upper and lower edge of B-pillar marked by red colour in Figure 5. 

 
Figure 6 The deformations during the side impact crash test simulation of drawn parts made of SB  

and TWB at chosen time intervals  

The modelled velocity of deformation solid at crash tests was always 27 km.h-1. The deformations of both 
drawn parts at the same time intervals 0.002 and 0.020 s are presented in this figure. The values of reaction 
forces in anchored places were evaluated during the tests. The maximal value of reaction force in case of SB 
made of DP600 steel was 62.8 kN. The maximal value of reaction force in case of TWB made of DP600 and 
DP980 steel was 61.5 kN. The progress of reaction forces in the same time intervals for both types of blanks 
are compared in Figure 7 and their differences are shown in Figure 8. The progresses of both reaction forces 
were almost the same at identical conditions such as velocity, geometry, and stiffness of deformation solid. 
The maximal differences in reaction forces were below 5.2 kN. According to these results, stiffness and 
strength of both types of drawn parts are comparable. 
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Figure 7 Progress of reaction and deformation forces during the side impact crash test simulation  

of drawn parts made of SB and TWB 

 
Figure 8 Differences between the reaction forces on drawn parts made of SB and TWB 

4. CONCLUSIONS 

The analysis of the formability of both simple blank made of DP600 steel and TWBs consisted of DP600 and 
DP980 steel was made using Dynaform software. The analysis showed the possibility to produce the B-pillar 
reinforcement from TWBs with reduced thickness, higher strength and lower formability after the optimising of 
blankholder forces. Although the drawing of TWB was joined with the reduction of wall thickness, the simulation 
of drawing process didn’t show the cracks propagation in the drawn part. 

The deformation properties of drawn parts simulated using side impact crash tests showed comparable 
properties of drawn parts made of simple blank and TWB when using DP980 steel in the area of highest 
bending moment and decreasing of TWB thickness. The values of reaction forces in anchored places of drawn 
parts reached only small difference between both types of drawn parts. The simulation confirmed the 
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application of dual phase steels and TWBs for weight reduction of car supporting structures and satisfying of 
strength and stiffness properties of drawn parts. 
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Abstract 

On the materials for car-bodies are posed quite tough requirements. As the most important of them there are 
tendencies to still lower car-body weight (to apply lightweight materials) as well as on the other hand also effort 
to improve its safety because of passengers. Quite a lot of material properties (e.g. Young´s modulus, yield 
strength, ultimate strength, ductility, etc.) enter into such effort. Last but not least there is also hardness that 
represents another very important material property. This paper deals with the measurement of hardness in 
dependence on deformation of tested materials. The major aim is from static tensile test to determine their 
deformation behavior (namely strain hardening exponent) and subsequently to measure surface hardness 
distribution as 3D color map surface. And finally to make conclusions from such results which arise from the 
experimental data especially in the area of non-uniform deformation (necking area). 

Keywords: Car-body, hardness, deformation, 3D color map surface, necking 

1. INTRODUCTION 

Both hardness and formability represent a very important material property and that´s why this paper deals 
with the evaluation dependence of hardness on the given deformation. Moreover, there was also monitored 
hardness distribution on the sample surface via the 3D color map surfaces. In the experimental part were 
tested two materials with the different deformation behavior. First one was a deep-drawing material DC06 and 
the second one was stainless steel DIN 1.4301. Their basic mechanical properties are written in Table 1 and 
engineering stress-strain curves are shown in Figure 1 - left. Already from this properties is evident their totally 
different deformation behavior [1, 2]. Especially strain hardening exponent n [1] differs a lot (n = 0.25 and 0.41, 
resp.) [3]. Such values were then used during measurement of hardness HV2 distribution which was carried 
out on the hardness tester Qness Q30A (see Figure 1 - right) [4]. 

 
 

Figure 1 Engineering stress-strain curves for tested materials (left) and hardness tester Qness Q30A (right) 
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Table 1 Mechanical properties of deep-drawing steel DC06 and stainless steel DIN 1.4301 

Material / Mechanical property 
Yield strength 

Rp0.2 (MPa) 
Ultimate strength 

Rm (MPa) 

Uniform ductility 

Ag (%) 

Total ductility 

A80mm (%) 

Deep-drawing steel DC06 143.2 271.4 25.76 45.87 

Stainless steel DIN 1.4301 310.5 627.4 51.57 55.25 
 

2. METHODOLOGICAL BASES AND EXPERIMENTAL PART 

The first step of experimental part was hardness values determination in pre-defined (by X-Y coordinates) 
points on the specimen´s surface. Figure 2 shows such results for DC06 as images taken from hardness tester 
in dependence on applied engineering strain with the following sequence: 0 % - 10 % - Ag (25 %) and A80mm 
(45 %). In the left corner is display the relevant hardness HV2 value: 80.3 - 105 - 114 - 128 HV. 

Figure 2 DC06 - hardness HV2 images in dependence on engineering  
strain: 0 % - 10 % - Ag - A80mm 

Figure 3 also shows hardness HV2 images, now for the 2nd tested material - stainless steel DIN 1.4301. 
Regarding the different deformation behavior of the material, also values of applied engineering strain differs. 
Namely 0 % - 25 % - Ag (51 %) and A80mm (54 %) and hardness HV2 values: 180 - 300 - 347 - 382 HV. 

Figure 3 DIN 1.4301 - hardness HV2 images in dependence on engineering  
strain: 0 % - 25 % - Ag - A80mm 

Because the main aim of this paper was not only to measure hardness HV2 in dependence on applied strain 
but especially to characterize hardness distribution on the specimen´s surface, as a major graphical results 
there were used 3D color map surfaces. One of them is as an example shown in Figure 4 (for stainless steel 
DIN 1.4301 and A80mm as engineering strain). Black dots represent the own measured hardness HV2 values 
(3D scatter graph). Smaller black dots then display projections of these values on XY, YZ and ZY planes. For 
better clearness are in Figure 4 (left) shown also drop lines along Z-axis. In Figure 4 (right) is than shown the 
major 3D color map surface through measured dots and also as a flat one on the bottom of XY plane. 
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Figure 4 3D color map surface only as a mesh through measured points (left)  

and filled by color map (right) 

2.1. Results for the deep-drawing material DC06 and the stainless steel DIN 1.4301 

As it was described in the previous chapter, the 3D color map surface graphs were taken as the major graphical 
result. Such graphs for both materials are shown in the following figures. In the Figure 5 are displayed 3D 
color map surfaces for DC06 and 1st three applied engineering strains: 0 % - 10 % - Ag (resp.). 

 
Figure 5 DC06 - 3D color maps surfaces for 1st three applied engineering  

strains: 0 % - 10 % - Ag (25 %) 

In the Figure 6 are finally shown the hardness HV2 results for final ductility (A80mm). It provides interesting 
information both about the hardness values and distribution of them - especially rapid increase in the necking 
area and almost the same results as Ag in the area without necking (homogenous deformation). 
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Figure 6 DC06 - 3D color map surface for the last applied engineering  

strain: A80mm (45 %) 

Because of quite high strain hardening exponent (n = 0.41) of stainless steel DIN 1.4301, there was a strong 
presumption about rapid increase of hardness HV2 magnitude up to the uniform ductility Ag. Figure 7 illustrates 
such results and it´s evident that this increase is both high and homogenous in light of its surface distribution. 
Such homogenous distribution is good shown by projection of hardness values on YZ plane. 

 
Figure 7 DIN 1.4301 - 3D color maps surfaces for 1st three applied engineering  

strains: 0% - 25% - Ag (51%) 
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Another typical deformation behavior of stainless steel DIN 1.4301 is fact that magnitudes of uniform Ag and 
total A80mm ductility are quite similar. Final deformation (taken as difference between A80mm and Ag occurred 
only in the necking area and from the results (see Figure 8) is clear that it increased approx. by 40 HV.  

 
Figure 8 DIN 1.4301 - 3D color map surface for the last applied engineering  

strain: A80mm (54 %)  

In the Table 2 are summarized results of hardness HV2 in dependence on the applied deformation of 
specimens in light of engineering strain εENG (1). Major conclusion is clearly evident, the higher engineering 
strain, the higher hardness. Results of hardness for final applied strain (A80mm) are divided into 3 major groups 
(total magnitude, necking area and without necking area) to highlight difference between necking and area 
without necking influence. Graphically are results (inc. detailing of A80mm) shown in Figures 9 and 10. 

Table 2 Results of hardness HV2 for both tested materials and all applied engineering strains 

Deep-drawing steel DC06  Stainless steel DIN 1.4301 

Engineering strain 

εENG (%) 
Hardness 

HV2  
Engineering strain 

εENG  (%) 
Hardness 

HV2 

0 % 79.1 ± 1.2  0 % 181.9 ± 1.7 

10 % 103.8 ± 2.2  25 % 300.3 ± 5.3 

Ag (25 %) 115.1 ± 2.8  Ag (51 %) 347.3 ± 4.0 

A80mm (4 5%) - total magnitude 122.3 ± 6.8  A80mm (54 %) - total magnitude 364.3 ± 18.8 

 - necking area 131.3 ± 5.5   - necking area 384.7 ± 8.7 

 - without nec. area 118.7 ± 2.6   - without nec. area 349.6 ± 5.2 
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There is evident rapid increase of hardness in dependence on engineering strain. For DC06 is such increase 
given by 31 % - 46 % and 66 % (necking area) and for DIN1.4301 by 65 % - 91 % and 111 % (necking area). 

Figure 9 DC06 - hardness HV2 vs. engineering strain  
and its detailing for A80mm 

 
Figure 10 DIN 1.4301 - hardness HV2 vs. engineering strain  

and its detailing for A80mm 

3. CONCLUSION 

The major aim of this paper was to determine influence of deformation on the final values of hardness for 
materials with the different deformation behavior. That´s why as tested materials were chosen deep-drawing 
material marked as DC06 and stainless steel (DIN 1.4301). Acc. to their engineering stress-strain curves, the 
following engineering strains were applied: 0 % - 10 % (25 %) - Ag and A80mm. To obtain 3D color map surface, 
final hardness values were measured on the specimen´s surface (black dots in the 3D graphs). Due to 
utilization of these 3D graphs it was also possible (beside the common statistical evaluation by arithmetic mean 
and standard deviation) to clearly observe the own hardness HV2 distribution on the specimen´s surface - 
especially between Ag and A80mm to monitor influence of the necking area (see Figure 11). The future research 
should concern about calibration strain-hardness curves for more materials. 
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Figure 11 Final comparison of hardness distribution for both tested materials  

(separated by plain grey mesh) 
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Abstract 

The hot deformation behavior of a modified nickel-based Nimonic 263 superalloy, based on the physical 
simulation using torsion tests at different deformation temperatures (1200°C, 1050°C and 900°C) and strain 
rates (0.01, 0.1 and 1 s-1) has been studied. The flow stress curves showed an initial strain-hardening followed 
by a peak stress revealing the occurrence of dynamic recrystallization. Based on the data result in the hot 
torsion tests, equations, allowing to predict the stress-strain curves behavior under different temperature-strain 
rate conditions, had been derived. The obtained equations can be used for FEM-simulation of real hot 
deformation processes of Nimonic 263-type alloys. 

Keywords: Superalloy, stress-strain curve, simulation, Nimonic 263, dynamic recrystallization 

1. INTRODUCTION 

It is well known that the techniques allowing to reduce the time and cost for designing a new metal processing 
technologies give manufacturers greater competitiveness within the marketplace. One of such methods is 
simulation of hot metal-forming processes (e.g. extrusion, rolling or forging) with the aids of finite element 
software. Such a computer aided engineering technique enables to carry out virtual experiments in a very short 
time and with significantly less cost than real physical trials. 

One of the most important data for FE-simulation is the information on the stress-strain curve behavior under 
different hot deformation conditions. Stress-strain curves of a specific alloy may be described as a number of 
functions of strain, strain rate, and temperature.  

The aim of the present research was to obtain equations that would allow to predict stress-strain curves of 
Nimonic 263 alloy with a modified chemical composition for any combination of hot deformation parameters. 

2. EXPERIMENTAL PROCEDURES 

Chemical composition of the modified Nimonic 263 alloy is shown in Table 1.  

Table 1 Chemical composition of the alloy, %wt 

Ni Cr Fe C S Co Mo Ti Al Nb 

51.4 19.0 ~ 0.8 0.05 0.05 19.3 5.7 2.6 ~ 1 0.12 

To study the hot deformation behavior under different temperature-strain parameters the torsion tests were 
carried out. The experiments were carried out at the different deformation temperatures (1200 °C, 1050 °C 
and 900 °C) and strain rates (0.01, 0.1 and 1 s-1). 

Specimens for torsion tests were cut from a forged piece. Before deformation all the samples were heated to 
1200°C, soaked at this temperature to obtain equal temperature over the cross section and dissolve possible 
precipitates, then cooled to the desired deformation temperature. 
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During the torsion tests the change in torsion angle and load were recorded. Data on torsion angle and load 
was converted to the true stress and true strain values according to the procedure described in [1]. All the 
stress-strain curves, obtained after analysis of torsion tests data then were corrected for deformation heating 
as described in [1].  

Initial austenite grain size of the alloy before deformation was measured on the polish sections prepared from 
the specimens heated up to 1200°C, soaked at this temperature and rapidly cooled without any deformation. 

3. RESULTS AND DISCUSSION 

Actual and corrected stress-strain curves are shown in the Figure 1. 

As can be seen from the figure deformation heating does have an effect on the flow stress and the most 
pronounced effect takes place in case of relatively high strain rates and relatively low deformation temperatures 
(900°C) as it was noted in [2]. Most of the corrected flow stress curves showed an initial strain-hardening 
followed by a peak stress revealing the possible occurrence of dynamic recrystallization. The occurrence of 
peak stress in case of deformation at 900 °C most likely is connected with premature failure of the specimens: 
no recrystallized grains were found in these specimens. It can be noticed that peak stress values increase with 
the increasing of strain rate and decreasing of deformation temperature, as expected. 

a b c 

Figure 1 Corrected (dash line) and measured (solid line) stress-strain curves of the alloy 

Zenner-Hollomon parameter (Z) and its approximation by hyperbolic sine proposed by Sellars and Tegart [3] 
was used to estimate the hot deformation activation energy and to describe the flow stress of the alloy. 

  npA
RT
QZ  sinhexp 






   (1) 

Expression for peak stress (σp) can be derived after estimation of all the parameters of the Equation 1: 
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Steady state stress (σss) can be predicted using the same type of equation as well. Thus, after implementation 
of the same procedure an equation for prediction of σss was obtained. 
For prediction of strain at peak stress (εp) the following equation was used [4]: 

nm
p ZAD0  (3) 

where D0 - initial grain size, m and n are material constants. 
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Provided that the specimens for this investigation were cut from the same forged piece and had the same 
initial austenite grain size (337 microns), AD0

m can be considered as a constant B. Thus, Equation 3 can be 
written as: 

n
p BZ  (4) 

For prediction of stress before бp the modified Voce`s equation was used [5]: 

 mp C )exp(1     (5) 

where m is a material constant and C is a function of Z of the same type as Equation 4: 
bAZC    (6) 

For prediction of the curve after σp the following equation was used [5]:  

Xsspp )(     (7) 

where X - is the apparent recrystallized volume fraction.  
Equation 7 is based on the consideration that metal softening due to dynamic recrystallization (DR) is 
proportional to the fraction recrystallized, X. Here it is also considered that DR starts at εp, which is not true 
from the point of view of real microstructure evolution [6, 7]. 
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where t50 is time for recrystallization of 50% volume, which is calculated using the following formula: 
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where D0 - initial grain size., Qrec - recrystallization activation energy, A,m,n - material constants. 
Provided that the specimens for this investigation were cut from the same forging and had the same initial 
austenite grain size, AD0

n can be considered as a constant B and the equation can be rewritten as  











RT
Q

Bt recm exp50 
 (10) 

All the coefficients of Equations 1 - 10 obtained after analysis of the corrected stress-strain curves are 
summarized in Table 2. Predicted and actual stress-strain curves are plotted in Figure 2. As can be seen from 
the figure there is acceptable agreement between the calculated and experimental curves. 

 

Figure 2 Predicted (dash line) and actual (solid line) stress-strain curves of the alloy 
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Table 2 Coefficients of the equations for prediction the flow stress behavior 

Equation Coefficients 
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Q=447960 J/mol 

α= 4.652·10-3  MPa-1; A = 1.494·1016 s -1; n = 4.394 
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  α’= 4.652·10-3  MPa-1; A’= 9.812·1016  s-1; n’= 5.690 

n
p BZ  B = 3.842 10-4; n = 0.178 

 mp C )exp(1    

bAZC   

m = 0,5 

A = 138670; b = -0.235 











RT
Q

Bt recm exp50   B = 01090; m = -0.923; Qrec = 23131 J/mol 

4. CONCLUSION 

A mathematical model consisting of a number of equations for prediction of Nimonic 263 alloy flow stress-
strain curves under different deformation conditions was obtained. The obtained model can be used for FEM-
simulation of real hot deformation processes of Nimonic 263 type alloys.  
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Abstract  

The experimental results of the combination extrusion process for ENAW-1050A aluminium alloy are 
presented. Depending on the punch and die sizes used, the tests were performed for three different values of 
relative strain in backward direction, 2, and a constant strain in forward direction, 1. The test aimed at 
determining the effect of friction on maximum values of punch forces. Non-lubricated and lubricated (zinc 
stearate) extrusion processes were used.  

Keywords: Combination extrusion, aluminium 

1. INTRODUCTION 

Combination extrusion is the process which combines forward extrusion and backward extrusion in one 
operation. As a result of this combination, not only the time of forming is reduced but also the costs of 
production are lower due to the elimination of one tool from the production process. Among the available 
literature, the works [15] are the most extensive reports on forward and backward extrusion. None of them, 
however, deals with the issues of combination extrusion. Papers [616] contain practical rules and guidelines 
for technological process design of selected elements applicable under industrial conditions. Publications 
[1720] report the results of computer simulations and experimental study of material flow and punch force 
values in the combination extrusion process with a flat-cone punch. Given the above, it is considered 
appropriate to undertake the experimental study of the effect of friction on the values of combination extrusion 
punch forces.  

2. PURPOSE AND SCOPE OF STUDY 

This experimental study aims at determining the influence of friction on the values of punch forces for different 
degrees of backward strain 2 at a constant forward strain 1 during the process of lubricated and non-
lubricated combination extrusion. It was assumed that in the combination extrusion process, shown 
schematically in Figure 1, the material being extruded moves freely both in the forward and in the backward 
axial directions.  

The tests were performed on pre-softened aluminium discs A1 99.5 (ENAW-1050A) with dimensions doho = 
24.9516mm. Mechanical properties of the test material are summarized in Table 1. These properties were 
determined from the static tensile tests performed to PN-EN 10002-1+AC1. 

Table 1 Aluminium A1 99.5% (ENAW-1050A) properties. 

Material R0.2 Rm A A11.3 Z 

A1 99.5% 24MPa 82MPa 46% 34% 86% 
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Figure 1 Schematic diagram of combined extrusion with a flat-face punch: 1 - die insert; 2 - flat-face punch; 

3 - counterpunch; 4 - slug; 5 - part. 

During non-lubricated combination extrusion, the friction coefficient is  = 0.29 and  = 0.1 when lubricated 
extrusion is used. These values were determined in the ring upsetting test (Burgdorf method). Various 
dimensions of the workpiece with a shape as in Figure 1 were obtained: 

 For the upper part of the component extruded in the backward direction, the outer diameter was d2 = 
25.2mm with inner diameters of ds=15, 17, 19mm,  

 For the lower part of the extruded component, d1=10mm=const. 

The following degrees of deformation were obtained with the assumed material dimensions:  

 for backward extrusion, respectively  

0.58 0.46; 0.36;
d
d

2
0

2
S

2             (1) 

 for forward extrusion  

84.0
d

dd
2
0

2
1

2
0

1             (2) 

It was assumed that the maximum height of the cylindrical part of the component was 14mm due to the design 
of the extrusion die limiting free movement of the material in the forward direction because of the ejector in the 
tool.  

The tests were performed on the ZD100 testing machine with a maximum pressure of 1MN in which a die for 
combination extrusion was mounted. The changes in punch force values were recorded by two inductive 
displacement sensors, analog-digital converter LC011-1612 installed in the computer. Data visualization was 
performed with the POM16 program in the form of graphs of punch force as a function of punch displacement.  

3. STUDY RESULTS AND THEIR ANALYSIS 

The tests yielded the curves of punch forces as a function of punch displacement during the combination 
extrusion process. Figures 2 and 3 show changes in the punch force for three different degrees of backward 
strain 2 at the constant value of forward strain 1 = 0.84. 
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Figure 2 Punch force changes as a function of displacement during combined extrusion for different values 

of relative backward strain 2 and constant forward strain 1=0.84 ( = 0.29) 

The punch force changes plotted in Figure 2 refer to extrusion processes where no lubricant was used ( = 
0.29). The curves depicted in Figure 3 were plotted for the material lubricated with zinc stearate ( = 0.1). 
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Figure 3 Punch force changes as a function of displacement during combined extrusion for different values 

of relative backward strain 2 and constant forward strain 1=0.84 ( = 0.1) 

From the figures above it follows that increased values of strain 2 lead to increased punch force values. The 
force increases quickly with increasing punch displacement in the initial phase of the process to decrease 
gradually after reaching the maximum value. Reduced friction coefficient caused the maximum force values to 
decrease for the same relative strains 2. The punch force values remained the same.  
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It has to be noted that for the maximum backward strain 2=0.58, the extrusion process proceeds at a smaller 
value of punch displacement relative to the other strains, 2=0.46; 0.36. The combination extrusion process 
involves a free movement of the material in the axial backward and forward direction. Exceeding the value of 
14mm in the forward direction is limited by the front face of the counterpunch. This limitation causes the 
material to move only in the backward direction and the punch force is doubled.  

4. SUMMARY 

The following conclusions can be drawn on the basis of the test results: increased degree of backward strain 
2 contributes to an increase in extrusion force values; the tests with lubrication showed a reduction in extrusion 
force values, in particular for the maximum degrees of the backward strain 2. 

It should be stressed that the experimental results presented here showed the advantage of combination 
extrusion over forward and backward extrusion processes used separately. The forming of tubular-cylindrical 
parts using the combination extrusion eliminated the need to use two technological operations. The cylindrical 
part of the component is manufactured in forward extrusion, while the tubular part of the component is made 
in backward extrusion. This system reduces labour intensity and cost of the tools and by substantially 
decreasing the forming forces, improves the durability of the tooling.  
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Abstract 

Due to environmental concerns and safety regulations in the automotive industry the development of strong 
and lightweight cars has been a very significant topic in the last years. One of possible solutions to this matter 
is to use materials with lower density or lower thickness. However, the demand to increase passive safety 
requires using of materials of higher strength. The goal of this research is to evaluate feasibility of selected 
outer body parts using HSS steel, DP500 (dual-phase). DP500 provides higher yield and ultimate strength 
than conventionally used mild steel at the expense of lower ductility, plastic anisotropy ratio and strain 
hardening exponent. Impact of different geometrical shape and influencing process conditions and parameters 
are discussed in this article. The evaluation of feasibility is performed in software AutoForm R6. This research 
is carried out in cooperation with ŠKODA AUTO, a.s. 

Keywords: Sheet metal forming, HSS, DP500, feasibility, outer car body parts 

1. INTRODUCTION 

In order to reduce air pollution produced by automobiles, new ways of car weight reduction are to be found. 
An area where mass reduction could be achieved is outer car body panels. Outer car body parts are mostly 
characterized with demanding design. Used materials must generally have great ductility and plastic 
properties. The principal task of outer body panels is to separate passengers from the outer world and to attract 
potential customers. Panels must also meet criteria, including stiffness, dent resistance, oil-canning and 
buckling load. Stiffness is the most important parameter in customers view and is a function from both material 
and geometry. [1] 

Currently used steel materials are limited by their low tensile strength and thickness, therefore bending 
stiffness must be enhanced with complex part geometry e.g. feature lines. Nowadays, three different 
approaches are possible in reducing the weight of outer body car parts.  

Parts made of alloys with lower density than steel has (e.g. aluminium, magnesium, titanium, plastics) are 
more challenging and expensive to produce. Even though aluminium has lower Young’s modulus and 
to achieve equivalent stiffness material with higher thickness must be used, panels are ca. 40% lighter than 
comparable steel parts. 

Very perspective material is sandwich plate system (SPS) comprising two metal plates bonded with 
a polyurethane core. It combines the strength of steel and low weight of plastics. These materials have high 
flexural stiffness and buckling resistance. Qualitatively equivalent panels made of SPS have slightly higher 
weight than aluminium panels but cost significantly less. Current insufficiency is lack of technology of hot-dip 
zinc coating and phosphating of SPS and that they cannot be welded with MIG and MAG welding methods 
because of their structure. Problematic area is delamination between layers. Individual sheets can be joined 
with spot welding special mode or bonded with glue.  

Third possibility is to use steel material with higher yield strength so that lower thickness of entering sheet can 
be used and thus panels can be lighter. Feasibility of selected part with use of dual-phase steel is discussed 
in this article. 
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2. MATERIALS USED FOR OUTER CAR BODY PARTS 

Sheet metal forming is characterized with an unceasing planar state of tension that varies from uniaxial stress, 
through shear stress to biaxial stress. Due to shape complexity of outer car panels a one simple formability 
index cannot be set. Formability of material therefore results from mechanical properties. [2] 

A ratio of Proof strength to Tensile Strength is perceived as one of the most important formability index.  
This ratio indirectly expresses amount of plasticity supply and it is desired for this value to be as small as 
possible. Plastic strain ratio, rm/20, is ratio of true width strain to true thickness strain, its value is desired to be 
the highest possible. Strain hardening exponent, n10-20/Ag, is relevant especially for biaxial strain thus its higher 
value delays necking. For clarity and better understanding the difference, hardening curves of CR4 and 
CR290Y490T-DP are shown in Figure 1. Peak count and type of surface finish are also relevant parameters 
to forming process. [3] 

Selected mechanical properties of commonly used steels and dual-phase steel CR290Y490T-DP (known 
as DP500) are mentioned in Table 1. Chemical composition of CR290Y490T-DP is shown in Table 2. 

Table 1 Mechanical properties of Cold Rolled Steels according to VDA 239-100 

Steel grade 

Proof 
strength 

Tensile 
Strength 

Elongation 
after fracture 

Plastic strain 
ratio 

Strain 
hardening 
exponent 

Bake 
hardening 

Rp0,2 Rm A80 mm rm/20 n10-20/Ag BH2 

MPa MPa %  - - MPa 

CR4 140 - 180 270 - 330 ≥ 39 ≥ 1.6 ≥ 0.20 - 

CR5 110 - 170 260 - 330 ≥ 41 ≥ 1.8 ≥ 0.22 - 

CR180BH 180 - 240 290 - 370 ≥ 34 ≥ 1.3 ≥ 0.17 ≥ 30 

CR210BH 210 - 270 320 - 400 ≥ 32 ≥ 1.2 ≥ 0.16 ≥ 30 

CR290Y490T-DP 290 - 380 490 - 600 ≥ 24 (≈1.0) ≥ 0.15 ≥ 30 

Table 2 Chemical composition of CR290Y490T-DP according to VDA 239-100 

C 
% 

Si 
% 

Mn 
% 

P 
% 

S 
% 

Al 
% 

Ti+Nb 
% 

Cr+Mo 
% 

B 
% 

Cu 
% 

≤ 0.14 ≤ 0.50 ≤ 1.80 ≤ 0.050 ≤ 0.010 0.015 - 1.0 ≤ 0.15 ≤ 1.00 ≤ 0.005 ≤ 0.20 

 
Figure 1 Hardening curves of CR4 (left) and CR 290Y490T-BH (right) 
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3. FEASIBILITY OF LOWER TAILGATE PANEL WITH USE OF DP500 

HSS, UHSS, AHSS and PHS have been successfully implemented into production of safety cage components. 
Figure 2 shows content of specific steel groups in ŠKODA Octavia III. Further application of HSS materials for 
production of outer body panels is a possibility to reduce weight of these parts. HSS generally provides, 
in comparison with enlisted commonly used mild steels, higher proof strength and ultimate strength at the 
expense of lower ductility, plastic anisotropy ratio and strain hardening exponent.  

 

Figure 2 Content of specific steel groups in BIW of ŠKODA Octavia III [4] 

Material CR290Y490T-DP is a dual phase steel and was chosen as a HSS representative. Dual phase steel 
structure consists of a fine-grained ferritic matrix and hard martensitic phase in the form of islands. This 
combination allows material both to have high value of proof and ultimate strength and to exhibit unique high 
initial strain hardening rate. [5,6]. 

In order to study feasibility of the material, SEAT Ateca lower tailgate panel was virtually stamped. The 
numerical simulation was performed in AutoForm R6 and results of numerical simulation are shown in Figure 
3 and Figure 4. Forming of this panel was simulated both with CR4 and CR290Y490T-DP material. The CR4 
simulation matches with currently produced part. The CR290Y490T-DP simulation is based on CR4 simulation 
though several process parameters were modified in order to obtain best results. 

The result of numerical simulation shows that even in case of a geometrically simple lower tailgate panel, 
materials can’t be simply interchanged. This fact is observable in Figure 3. The course of CR290Y490T-DP 
FLC is more concave and the curve position indicates lower values of acceptable strain.  

Steel Type Yield Strength Percentage
Low Strength Steel (LSS) ≤ 200 Mpa 21.2%
High Strength Steel (HSS) 200 - 400 MPa 33.6%
Ultra High Strength Steel (UHSS) 400 - 700 MPa 16.2%
Advanced High Strength Steel (AHSS) 700 - 1000 MPa 2.9%
Press Hardening Steel (PHS) 1000 - 1200 Mpa 26.1%
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Figure 3 FLD after deep-drawing operation of CR4 (left) and CR290Y490T-DP (right) 

 

Figure 4 Comparison of Seat Ateca lower tailgate panel made of CR4 (above) and CR290Y490T-DP (below) 

2 

1 
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During the process, 2 problematic areas has emerged in deep drawing operation. It turned out, that 
CR290Y490T-DP steel tends to split in corners. These issues can be eliminated with geometry modification. 

Splits occurring in area 1 could be eliminated through modification of part rim used for hemming. Geometry 
change suggestion is shown in Figure 5. This principle is used as well for alteration of parts made of LSS. 

 

 

Figure 5 Geometry modification in area 1 

Splits occurred also in the corner in area 2. Because the rim in this area cannot be furtherly modified, the corner 
must be rounded with bigger radius ca. 2.5 mm. Proposed modification is shown in Figure 6.  

Figure 6 Geometry modification in area 2 
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4. CONCLUSION 

This article deals with problematics of weight reduction of outer body car parts, which is a significant topic 
for carmakers. Three possible ways of weight reduction are mentioned in the introduction. Different formability 
indexes are discussed. Mechanical properties of commonly used mild steels are enlisted. Feasibility study of 
Seat Ateca lower tailgate panel was performed and two problematic areas have emerged. A possible solution 
to both problems was presented. This article is to be apprehended as an introduction to the topic of possibility 
of HSS materials application in automotive industry. 

It is certain that currently used materials cannot be easily swapped with HSS materials and that geometrically 
simple parts must be investigated first. Successful application of HSS must also develop from cooperation of 
both design and tool construction. Any sharp corners and edges must be avoided in outer car body parts and 
the draw depth must also adapt to material forming limit. Consequently, both springback and wear of forming 
tools must be taken into concentration. 3rd generation of AHSS steel is being developed at the moment and 
mentioned methodology could be used for this new application as well. 
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Abstract 

Hydraulic descaling is essential to obtaining a high-quality surface in hot-rolled steel. Descaling removes mill 
scales (mainly iron oxides) from the surface using high-performance water jets which break the structure of 
the scales and washes them off the steel strip. The strip is then hot rolled. The speed of the feedstock in a mill 
directly affects the productivity of the line but can negatively affect the surface quality of the rolled steel, since 
part of the surface may not be descaled properly if the feedstock moves too quickly. Descaling itself combines 
both mechanical and thermal effects. The available literature attributes merits to both types of effect, and both 
are always present in the process. The process of descaling was examined in experiments with a standard 
descaling nozzle for speeds from 0.1 m/s to 2 m/s. The position-dependent values were computed by an 
inverse task and the heat transfer coefficient was obtained. The experiment with the slowest speed showed a 
very intense and relatively long-lasting cooling. A change of cooling regime was observed for speeds up to 0.5 
m/s, where the average heat transfer coefficient gradually decreased with the speed. The article summarizes 
these findings and gives insight into various aspects of the hot rolling process. 

Keywords: Hot rolling, descaling, heat transfer coefficient, inverse heat conduction task 

1. INTRODUCTION 

Hydraulic descaling is essential to obtaining high-quality hot-rolled steel. Unwanted scales on the surface of 
the feedstock are removed by a water jet and washed away. As a multifactor process, descaling conditions 
can vary significantly. The most crucial factors that affect the process are nozzle type, nozzle configuration, 
material and the temperature of the descaled steel.  

The water jet causes thermal shock on the surface [1] and plays a key role in crack formation in the layer of 
scales as well as in the final microstructure of the surface of the steel [2]. The cooling intensity can be quantified 
by a heat transfer coefficient h. Published models of hot rolling based on experimental data operate with a 
constant value of heat transfer coefficient in the section where the jet directly sprays the surface. The values 
reported in [3] and [4] vary from 1 162 W/m2K to 20 920 W/m2K. Article [5] states that the heat transfer 
coefficient is a linear function of the impact pressure of the water jet and the values vary in range from 28 500 
W/m2K up to 43 000 W/m2K for impact pressures in range from 0.48 MPa to 0.8 MPa. Article [2] uses values 
in the range from 2 000 W/m2K to 8 000 W/m2K for different levels of spray pressure.  

As has been illustrated, due to the complexity of the process, the outcomes of experiments cover a very wide 
interval of values. The aim of this paper is to study the relationship between the speed of the feedstock and 
the heat transfer coefficient. The paper is focused on the relationship and the position where most of the 
cooling takes place rather than on specific values for the heat transfer coefficient for this particular case. 

2. NOZZLE CONFIGURATION 

A standard descaling nozzle was chosen for this study. The nozzle had a typical descaling flat jet with 45° 
spray angle and produced 41 l/min at 20 MPa. This nozzle was also used in study [6]. The pressure distribution 
given by this nozzle was very close to rectangular and thus it was safe to assume homogeneous descaling 
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along the width of the feedstock. The system pressure was set to 20 MPa. The nozzle was placed 93 mm 
above the surface of the feedstock, the inclination angle was set to 15° and the twist angle was set  
to 0°. This means that the footprint of the jet on the surface was perpendicular to the vector of velocity of the 
feedstock. The nozzle configuration is shown in Figure 1. 

 

Figure 1 Diagram of the nozzle configuration 

3. EXPERIMENTS 

Experiments were performed on a laboratory bench. The diagram of the bench is shown in Figure 2. The 
descaling process was examined for speeds 0.1 m/s, 0.5 m/s, 1 m/s and 2 m/s. The speeds from 0.5 m/s to 2 
m/s represent typical speeds which can occur on a hot rolling line in a mill. The tested specimen was placed 
onto a moving carriage and equipped with a grounded thermocouple under the surface. The specimen was 
heated in an electric heater to a temperature of 900 °C (850 °C for the experiment with the slowest speed). 
Then, the carriage was turned and driven at the desired speed under the spraying nozzle. A datalogger 
attached to the carriage collected position data and the corresponding measured temperature at the 
thermocouple during the experiment. After the experiment was done, data was gathered in a computer and 
further processed. 

 
Figure 2 Diagram of the laboratory bench 
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4. DATA PROCESSING 

Raw data from the experiment consisted of position-dependent temperature at the thermocouple. The 
temperature at the surface and the heat transfer coefficient were obtained using an inverse heat conduction 
task. 

The inverse heat conduction task used a given set of measurements from the thermocouple inside the 
specimen and a direct heat conduction task computed the boundary conditions of the model (i.e. the 
temperature at the surface of the specimen). The algorithm used the sequential identification inverse method, 
described in detail in [7]. This algorithm minimized the mean square error of the difference between the 
measured temperature and the temperature computed by the model.  

A typical set of data is shown in Figure 3. The heat transfer coefficient is dependent on the position of the 
nozzle jet footprint and the carriage. The scale of position was chosen such that the zero value corresponds 
to the maximum value of heat transfer coefficient.  

Due to the limited speed of propagation of the cooling impulse in the specimen, the temperature measured at 
the thermocouple is delayed and blurred. This blurring of original data also transfers to the computed data and 
blurs the heat transfer coefficient values with respect to the time scale. This leads to bias in the computed data 
and the maximum heat transfer coefficient value is very often underestimated at the expense of the lap of the 
intense cooling impulse, which is overestimated. This algorithm partially compensates for this blurring with a 
very fast drop of the coefficient value and by creating a second smaller peak. This peak has no physical 
meaning and is caused only by the algorithm used. 

The average value of the heat transfer coefficient was computed in a section from position -50 mm to position 
+50 mm. The average value partially compensates for the bias of the outcomes and allows individual 
measurements to be compared. 

 
Figure 3 Measured thermocouple temperature with respect to the position of the carriage. The temperature 

on the surface and heat transfer coefficient h was computed by the inverse task algorithm. 

5. RESULTS 

The results of the experiments are shown in Figures 4, 5 and 6. Figure 4 shows the raw data of temperatures 
measured by the thermocouple. The experiment run with the speed of 0.1 m/s is detached since the starting 
temperature of the experiment was 850 °C. All experiments showed a maximum temperature drop at the 
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location of the jet footprint (position 0). This declining trend stopped as the specimen recovered from the 
thermal shock. The most visible recovery was observed in the experiment with the slowest speed. At position 
close to 30 mm behind the jet footprint, the temperature very quickly changed its gradient. The temperature 
change was gradual for the other experiments. 

 
Figure 4 The temperature of the thermocouple with respect to the position of the carriage and its speed 

The analysis of the measured data indicated the temperature conditions on the surface of the specimen. The 
outcomes are shown in Figure 5. The maximum temperature drop varies from 124 °C for the experiment with 
speed of 2 m/s to 604 °C for the experiment with the speed of 0.1 m/s. Due to the reasons described in Section 
4, the absolute values of temperature drop must be treated with caution. The thermal shock could be even 
higher due to this bias. 

 
Figure 5 The temperature of the surface with respect to the position of the carriage and its speed 
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The corresponding heat transfer coefficients are shown in Figure 6. Experiments for speeds from 0.5 m/s to 2 
m/s are characterized by single peak functions which drop very quickly. In contrast, the experiment with a 
speed of 0.1 m/s showed intense cooling even in the section behind the water jet footprint. The significant 
cooling of the surface took place in almost 30 mm, even though the water jet footprint was only several 
millimeters [5]. The heat transfer coefficient grew rapidly when the jet hit the surface but faded very slowly with 
a fast drop at 30 mm. The reason for this extension may lie in the intense cooling of the surface under the 
Leidenfrost temperature where the evaporation of water becomes very quick and effective [8]. This experiment 
refutes the assumption that intense cooling takes place only at the water jet footprint. 

 
Figure 6 Heat transfer coefficient with respect to the position of the carriage and its speed 

The average heat transfer coefficients with respect to speed are shown in Figure 7. The experiment with the 
slowest speed is detached due to the reasons mentioned earlier. The remaining experiments show a slight 
decrease of average heat transfer coefficient with respect to the speed of the feedstock. The values were  
5 521 W/m2K, 4 722 W/m2K and 4 521 W/m2K for corresponding speeds of 0.5 m/s, 1 m/s and 2 m/s. Taking 
1 m/s as the normative speed of hot rolling, decreasing the speed to 0.5 m/s causes a 17 % increase of the 
average heat transfer coefficient. Increasing the speed to 2 m/s causes a 4 % decrease in the average heat 
transfer coefficient. 

 

Figure 7 Average heat transfer coefficient with respect to the speed of the carriage 
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6. CONCLUSION 

The experiments examined the relationship between the speed of the feedstock and the heat transfer 
coefficient during descaling. Experiments confirmed the decrease of the heat transfer coefficient when 
increasing the speed of the feedstock.  

The values of the average heat transfer coefficient for speeds that can be compared to operating speeds at 
rolling mills were within the range of 4 521 W/m2K to 5 521 W/m2K. These results fully corresponded to spans 
presented in [2], [3] and [4]. The maximum values of the heat transfer coefficient were between  
64 410 W/m2K and 21 637 W/m2K and were similar to the results described in [5]. Taking the speed of 1 m/s 
as a normative, a reduction of the speed by half increased the heat transfer coefficient by 17 %. Doubling the 
speed to 2 m/s decreased the heat transfer coefficient by only 4 %. 

The experiment performed at 0.1 m/s showed that very intense cooling may take place even beyond the place 
where the water jet hits the surface. The average heat transfer coefficient was 10 522 W/m2K and the maximum 
value was 56 390 W/m2K. At these unusually slow speeds, temperatures at the surface may go under the 
Leidenfrost temperature and this may intensify the full process.  
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Abstract  

In the article examined dependence of grain growth from soak time and temperature. It is researched influence 
of an initial grain size on stress-strain curves behaviour of steel C45, discussed the significance of this 
parameter in creation of prediction models of hot forming processes. Obtained stress-strain curves were used 
to calculate critical strain and define coefficients of relation between initial grain size and critical strain. 

Keywords: Dynamic recrystallization, stress-strain curves, hot deformation, initial gain size   

1. INTRODUCTION  

Control the dynamic and static recrystallization is used to regulate hot rolling processes and to achieve optimal 
mechanical properties of steel after deformation and optimal power energy parameters during process [1, 2]. 
To predict material behaviour, physical and numerical modelling are used in combination Usually with help of 
physical modelling, stress-strain curves are obtained and then they are used in numerical modeling in different 
finite elements software such as Forge, Abaqus, Deform etc. to create model of future technological process 
[3]. 

There are usually two parameters which are varied during experiments: strain rate and deformation 
temperature. Based on obtained results, different models of stress behaviour depending on strain rate, 
deformation temperature and strain using Zenner-Hollomon parameter or Henzel-Shpittel equation are used 
[2 - 4]. But generally, there is one more parameter that can influence on stress-strain curve via hardening 
mechanism and critical strain of dynamic recrystallization starting, it’s initial grain size [1]. In the most articles 
influence of initial grain size is not usually studied. The purpose of this article is to estimate the significance of 
the factor influence on stress-strain behaviour. 

2. MATERIAL AND EXPERIMENTS 

As the material to research the influence of initial grain size 
on stress-strain curve behaviour during hot deformation of 
steel C45 with 0.45 % С, 0.74 % Mn, 0.22 % Si chemical 
composition was taken. Experiments by flow compression 
tests were conducted on cylindrical specimens 12 mm 
height and 10 mm diameter on thermo-mechanical 
equipment Gleeble 3800 at Czestochowa Technical 
University (Poland). Thermomechanical scheme of 
compression shown in Figure 1. To obtain different grain 
size heating temperature Th was varied from 1150 °C till 
1250 °C. The samples were heated at 10 ° C/sec in a 
vacuum (10-5 Torr) till a heating temperature and hold 
during ten-minute period than cooled with 3 °C / s rate to a Figure 1 Scheme of thermo-mechanical 

processing during experiment 
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deformation temperature Td (1100 °C), deformation was performed with strain rate 1 s-1. 

To research dependence a grain size from a temperature and soak time additional experiments were 
conducted at dilatometer. Cylinders 10 mm height and 6 mm in diameter were heated till three heating 
temperatures (1150 °C, 1200 °C, 1250 °C) and held during three different periods (10 min, 20 min, 30 min) 
and quenched to obtain microstructure of prior austenite grain. 

3. RESULTS AND DISCUSSION 

3.1. Grain size  

Polished and pickled samples were investigated under microscope, an average grain size was measured for 
several types of heat treatment. A graph with dynamics of grain growth depending on soak time and temperature 
is given in Figure 2. Results are completely in accordance with general theory of grain growth [5]. 

 

Figure 2 Dependence of C45 steel grain size from temperature and soaking time  

As it was said before, grain size can influence on behaviour of stress strain curves during hot deformation 
mainly via two factors. The first one is grain boundary strengthening in line with Hall-Petch equation (1) [6]: 

2/1
0

 dky   (1) 

where σy - yield stress, k - coefficient, d - grain size. According to the equation, strength rises with decreasing 
of an average grain size of metal.  

For another thing, initial grain size influence on recrystallization kinetics during hot formation. Decreasing initial 
grain size accelerate starting recrystallization processes and reduce critical strain (εc). The general equation 
form for εc  is given below [7]: 

n
m

c RT
QdA 














 exp   (2) 

where A, m, n - constants of material; ε̇ - strain rate, s-1; Q - activation energy, J / mol; T- temperature of 
deformation, K; R- universal gas constant, J / (K·mol);  n<1. 
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The obtained curves for steel C45 for hot compression test (Figure 3) correspond to theoretical aspects 
described above. 

 

Figure 3 Stress-Strain curves obtained during hot compression tests for different initial grain size 

Critical strain for every curve was determined using method of strain hardening described in [8], the results of 
the calculation are given in Table 1. 

Table 1 Values of critical strains during hot deformation in different grain size conditions 

Initial Grain Size (µm) Critical Strain (-) Peak Strain (-) 

50 0.13 0.24 

57 0.14 0.27 

96 0.22 0.32 

In diagram form it’s shown in Figure 4. 

 
Figure 4 Power low dependence of critical strain from initial grain size 

It calculated that power coefficient n from equation (2) is equal approximately 0.82. The obtained dependence 
is in good compliance with theoretical aspects described before. 

4. CONCLUSION 

Difference between peak values of stress is about 10 %, but the influence of initial grain size is distinguished.  
In other cases, it can be comparable with accuracy of stress-strain curves prediction models and accuracy of 
physical experiments (variation of chemistry and friction) the factor of initial grain size can be negligible, but it 
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still should be considered in attempt to create more accurate model of hot deformation behaviour during hot 
rolling. So it’s recommended to examine the initial grain size factor particularly on physical modelling stage at 
least for one regime mode to define significance this factor on accuracy the whole research. 

ACKNOWLEDGEMENTS   

Research has been carried out in the framework of the state order of the Ministry of Education and 
Science of the Russian Federation according to the project № 11.1446.2017/ПЧ.  

The author wish to express their thank to prof Henryk Dyja, Sylwester Sawicki and Konrad Laber 
(Czestohowa University of Technology) for assistance in experiments conducting. 

REFERENCES 
[1] GORELIK, S. S., DOBATKIN, S. V., KAPUTKINA, L. M. Rekristallizatsiya metallov i splavov., 3rd ed. Moscow, 

MISiS, 2005, p. 432. 

[2] DYJA, H., GALKIN, A., KNAPINSKI, M. Reologia metali dksztalcanych plastycznie, Czestochowa, 2010, p.371 
[3] AKSENOV S., PUZINO Y., MAZUR I. Inverse analysis of plane strain and uniaxial compression tests performed 

on Gleeble. In METAL 2015: 24rd International Conference on Metallurgy and Materials. Brno. 
[4] CHIGIRINSKY, V.V., DYJA, H., KNAPINSKI, M., SHEYKO, S.P. Eksperimental'no-teoreticheskiy analiz vliyaniya 

napryazhennogo sostoyaniya plasticheskoy sredy na strukturnyye prevrashcheniya nizkolegirovannoy stali. 
Obrabotka metallov davleniyem, 2015, vol. 41, no 2, pp. 11-18. 

[5] ZHANG, R. SISSON, R.D. JR. The influence of temperature on the Austenite grain size and microstructure of 
4140 steel. Proceedings of the 28th ASM Heat Treating Society Conference October 20-22, 2015, Detroit, 
Michigan: ASM International, 2015, pp. 368-372. 

[6] IGNATOVA, O.N., MALYSHEV, A.V., PETROVA, D.M., et al., Hall-Petch law in Metals. Physical mesomechanics, 
2013, vol. 16, no 6, 89-93. 

[7] FABÍK, R., KUBINA, T., AKSENOV, S., et al. Verification of new model for calculation of critical strain for the 
initialization of dynamic recrystallization using laboratory rolling. Metalurgija, 2009, vol. 48, n.6 4, 273-276 

[8] CHEN, F., FENG, G., CUI, Z. Mathematical modeling of critical condition for dynamic recrystallization. Procedia 
Engineering, vol. 201, no 8, pp.  486 - 491. 



 

 

SESSION C - STEEL PRODUCTS - PROPERTIES 
 

Chairlady and chairman 

Prof. Ing. Eva MAZANCOVA, CSc.  VSB - Technical University of Ostrava, Czech Republic, EU 

Ing. Karel SAKSL, DrSc.    Institute of Materials Research, SAS, Kosice, Slovakia, EU 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

578 

THE EFFECT OF INDUCTION HARDENING ON FATIGUE BEHAVIOR OF RAILWAY AXLES 

FAJKOŠ Rostislav1, 2, ZIMA Radim1, STRNADEL Bohumír2 

1BONATRANS GROUP a.s., Bohumín, Czech Republic, EU 
2Center of Advanced Innovation Technologies - VSB - Technical University of Ostrava, Ostrava, 

Czech Republic, EU 

Abstract  

A new surface induction hardening technology was for the first time in Europe developed in BONARTANS 
GROUP Company for the purpose of increasing the safety and resistance of railway axles to fatigue damage. 
The operation of railway axles should fulfil two main demands: higher safety and low operation costs. A 
significant part of operation costs is given by frequency of regular inspection intervals which should reveal 
potential fatigue cracks in railway axle. Fatigue tests and tests of crack initiation and crack growth tests 
performed on induction hardened railway axles produced from steel quality EA4T and EA1N are compared 
with the results obtained from the standard heat treatment of railway axles. The comparison clearly 
demonstrates the benefits of new technology of surface induction hardening. 

Keywords: Railway axle, induction hardening, crack initiation, crack growth, fatigue limit 

1. INTRODUCTION  

Fatigue damage of railway axles is one of the limiting factors in rail transport safety [1-8]. This is the main 
reason for development of new axle design concepts giving higher resistance to fatigue crack initiation and 
propagation. Because fracture failure of axles due to giga cyclic fatigue, i.e. after long periods of operation, 
may be initiated by much lower stress amplitude than the fatigue limit for 107 cycles, the consideration of 
fatigue strength must always be accompanied by considerations of fatigue damage tolerance in order to ensure 
axle safety. This approach takes into account the occurrence of short fatigue cracks, which during operation 
may develop into dangerous long fatigue cracks. The fatigue damage tolerance therefore takes into account 
not only the minimum crack size detectable using NDT methods, but also suitable intervals between NDT 
inspections, set depending on the location and period of operation.  

In addition to these basic design concepts, studies are focused on the effects of material structure, surface 
treatment, methods of heat treatment and subsequent machining. One technology applied in order to increase 
axle fatigue strength is a surface induction hardening, which involves the relatively rapid heating of surface 
layers of pre-machined axles up to the hardening temperature using an inductor, followed by the rapid cooling 
of the axle by a water jet positioned behind the inductor and also by the transfer of heat by the axle body. This 
produces martensitic structure in the surface layer, increasing hardness up to 250 % compared with the axle 
core and producing a compressive stress state of around -800 MPa. As a consequence, the fatigue limit is 
significantly increased, and short fatigue cracks in surface layers are hardly able to initiate or propagate [9]. 

2. OPTIMIZATION OF INDUCTION HARDENING PROCESS 

Applied research and coordination of technological parameters such as inductor shape, speed, power, 
tempering temperature and others, bring one of main advantage required by customers - a possibility to harden 
the all axle diameter. Obtained homogenous results of hardness profile in different sections of the axle, 
including transition radius axle, are shown in the Figure 1.  
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Figure 1 The hardness profile in different sections of axle diameter hardened surface from axle journal cross 

dust guard holder to wheel seat and macro etch with induction hardened (IH) profile 

3. FATIGUE CHARACTERISTIC DETERMINED ON FULL SCALE AXLES 

In case of EA4T + IH a total number of 3 drive axles were tested, with wheel seat diameter/axle body diameter 
ratio D / d = 207 / 180 = 1.15 and with standard R75 / R15 transition radius design. In the Table 1 there are 
presented only requirements of EN 13261 standard for EA4T steel quality and results from one axle produced 
and tested from EA4T+IH surface. On Table 2 you can find results from fatigue test EA1N steel quality (D / d 
= 205 / 173 = 1.18, with standard R75 / R15 transition radius design).  

Table 1 Results from fatigue tests performed on full scale axle produced from steel quality EA4T+IH 

EN 13261 Local stress 

[MPa] 

Nominal stress     

[MPa] 

Stress in press fit area 

[MPa] 

No. of cycles 

[ ] 

Request EN 13261 - 240 145 10 000 000 

BONAXLE® 450 419 274 10 000 000 

500 465 305 - 

Table 2 Results from fatigue tests performed on full scale axle produced from steel quality EA1N+IH 

EN 13261 Local stress 
[MPa] 

Nominal stress     
[MPa] 

Stress in press fit area 
[MPa] 

No. of cycles 
[ ] 

Request EN 13261 - 200 120 10 000 000 

BONAXLE® 352 285 174 10 000 000 

370 300 183 3 300 000 

As it is obvious from the Table 1 and Table 2, the fatigue strength increased minimally about 75 % compared 
to the EN 13261 standard in case of EA4T and minimally about 41 % in case of EA1N steel. It should be noted 
that such improvement cannot be achieved by any other technologies.  

4. CRACK INITIATION AND PROPAGATION TESTS 

For verification of benefits IH technology applied on axle was performed crack initiation and propagation tests 
with a spark-eroded notch in the transition radius on one standard EA4T axle and the same on one axle EA4T 
with induction hardened surface were organized in cooperation with DB Systemtechnik Prüfstelle in Minden. 
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The tested objects were “half-wheelsets” with diameter of axle body 185 mm and diameter on wheel seat 
press-fit area 215 mm. The artificial elliptical defect with typical width (surface length) 3.75 mm, and depth 1.5 
mm was positioned in the transition radius R75 / R15 at a distance 34 mm from wheel seats. The exact position 
of the artificial defect was determined by FEM analysis. 

The test of standard EA4T axles started under normal conditions specified by the FEM analysis with crack 
initiation on testing amplitude of nominal stress 112 MPa which corresponded to 134 MPa of local stress. At 
this level a starting crack occurred. The surface crack length of 5.7 mm was measured after 8*105 load cycles. 
After verification of omission level of low-amplitude load cycles the regular fatigue growth testing started with 
the defined test load spectrum. After a distance covering of 1.200 000 km, the surface crack length determined 
on the crack measurement strain gauges had grown from 5.7 mm to 6.6 mm. 

As a second step a test on the same axle type made of EA4T steel including induction hardening of the axle 
surface was performed. Totally different behaviour occurred during testing of induction hardened EA4T steel 
quality axle. The test started with increased load amplitude at nominal stress 200 MPa for crack initiation. This 
stress level was applied at 5.106 load cycles with no crack initiation. Then the testing amplitudes increased at 
240 MPa for 5.106 load cycles, 280 MPa for 107 load cycles and 300 MPa for 107 load cycles. After application 
of 340 MPa the test was stopped due to currently limited capacity of the test bench without any crack initiation. 

Table 3 Comparison of crack initiation and growth test for EA4T steel quality 

 Standard EA4T axle EA4T axle + induction hardening 

 Testing amplitude / No. of cycles Crack length 

[mm] 

Testing amplitude/ No. of cycles Crack length 

[mm] 

Crack 
initiation 112 MPa / 0.8 mil. cycles 3.75 -> 5.7 

200 MPa / 5 mil cycles 3.75 

280 MPa / 10 mil cycles 3.75 

300 MPa / 10 mil cycles 3.75 

340 MPa / 1.1 mil cycles 3.75 

Crack 
growth 

Load spectra represented 1.2 mil. 
km 

5.7 -> 6.6 - - 

If these results published in Table 3 from induction hardened EA4T axle were compared with results of 
standard EA4T axle it can be concluded that induction hardened axle sustained 2.6 multiplied of nominal 
stresses, which caused crack initiation on standard steel quality EA4T axle from an artificial notch. Even more 
it can be stated that it was not possible to initiate start of the crack growth on the IH axle with a standardized 
notch. On the other hand EA4T steel quality has to fulfil 107 cycles during fatigue testing of the real scale 1:1 
axle according to standard EN 13261 on nominal testing stress 240 MPa. It needs to be remembered that this 
standard axle for the EN 13261 fatigue test is performed on axle without any crack. On induction hardened 
axle nominal stress 300 MPa was applied without any crack initiation from the artificial notch. It needs to be 
noted that this axle contained initial crack. In future testing of crack initiation on test level of 340 MPa, eventually 
higher will continue. After crack initiation crack growth for determination of service intervals on induction 
hardened axles made from EA4T steel will be tested.    

Results published in Table 4 for the axle produced from EA1N steel quality bring in case crack initiation min. 
about 95 % better results in comparison with axles produced from standard EA1N steel quality. After crack 
initiation on testing level 260 MPa the test continued on the same testing level from reason determined how 
fast will crack growth. After application additional 45 mil cycles the crack growth extremely slowly grows, only 
about 0.3 mm in comparison with test of standard axles EA1N where crack growth on testing level 123 MPa 
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about 2.25 mm after application only 8 mil cycles. This number of cycles included necessary time for crack 
initiation. 

Table 4 Comparison of crack initiation and growth test for EA1N steel quality 

 Standard EA4T axle EA4T axle + induction hardening 

 Testing amplitude/ No. of cycles Crack length 

[mm] 

Testing amplitude/ No. of cycles Crack length 

[mm] 

Crack 
initiation 123 MPa/8 mil cycles 3.75 -> 6 

200 MPa / 5 mil cycles 3.75 

220 MPa / 5 mil cycles 3.75 

240 MPa / 5 mil cycles 3.75 

260 MPa /5 mil cycles 3.75-> 4.1 

Crack 
growth 

Load spectra represented 1.2 mil. km 5.7 -> 6.6 260 MPa /45 mil cycles 4.1-> 4.4 

5. CONCLUSION 

The verification of the technology of surface induction hardening of EA4T and EA1N axles confirmed benefits 
of this technology for increase of fatigue resistance and lifetime of railway axles. Main conclusions are the 
following. 

High internal compressive residual stress on the axle surface (-800 MPa) cause that it is impossible a short 
fatigue crack could be initiated in surface layers. This significantly increases lifetime of the axle.  

Verification of this result was performed using tests of crack initiation in the induction hardened railway axles 
made of EA4T and EA1N steel. It was practically impossible to create on the axle surface initiation defect from 
which the fatigue crack could propagate under real load spectra measured in the service. 

Significant increase of the fatigue limit was recorded (minimally about 41 % in case of EA1N steel and 75 % 
in case of EA4T steel). Because of impossibility to test railway axle on higher test level (500 MPa for EA4T), 
the real fatigue limit of axles protected by presented technology is still unknown. 

The technology of surface hardening allows reducing in the future the number of ultrasonic service inspections. 
This saves considerable amounts of money incurred in regular rolling stock side-tracking and inspections. 
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Abstract 

Mechanical testing and cyclic fatigue testing belong to the important material examinations. Standard fatigue 
testing is mostly time-consuming and needs a number of identical samples that makes the testing expensive. 
Infrared thermography as a noncontact method of temperature measurement is used in many industrial 
applications. As the mechanical energy is changed to thermal energy during the cyclic loading, the infrared 
thermography can be used for fatigue testing. Most of the research regarding fatigue limit evaluation by infrared 
thermography has been focused on a measured data post-processing. An online evaluation of infrared 
thermography measurement during a sample cyclic loading is introduced in this contribution. 

Keywords: Cyclic fatigue, infrared thermography, online evaluation 

1.  INTRODUCTION 

The material fatigue is a degradation process induced by a cyclic mechanical, thermal or thermo-mechanical 
loading. It has a cumulative character. Fatigue fractures can occur in the material during its long-time cyclic 
loading, even if the load is below its yield strength. A determination of the material fatigue properties is more 
complicated compared to standard mechanical properties tests. The fatigue lifetime depends on a loading 
force, frequency and time (i.e. number of cycles). It is also significantly influenced by other factors, which are 
not so important in the case of static loading (surface treatment for example). Knowledge of materials fatigue 
limits is very important in some applications. However, standard fatigue experiments are very time consuming 
and expensive with regard to its long-time character [1]. 

Infrared thermography is an analytic method based on detection of objects radiation in the infrared (IR) range 
[2]. Intensity of the radiation emitted by an object correlates to temperature and optical properties of its 
surfaces. The temperature can be therefore evaluated by the infrared radiation measurement if the optical 
properties of the analyzed surfaces are known. Devices, which detect the infrared radiation and create images 
corresponding to temperature distribution of analyzed objects (thermograms), are generally called infrared or 
thermographic cameras. The infrared thermography has a lot of advantages: it is a non-contact method; it does 
not influence the measured objects; it can be used for monitoring of temperature fields of moving or rotating 
objects and it can measure a very high temperature. A disadvantage of this method is that the evaluated 
temperature is, except of a measured object surface temperature, influenced by its thermo-optical properties 
(emissivity, transmissivity and reflectivity), ambient temperature (surroundings temperature or environment 
temperature, often so called “reflected temperature”) and atmosphere properties (temperature, transmissivity) 
[3]. Especially the knowledge of the object optical properties is fundamental for an accurate quantitative 
thermographic temperature measurement. 

2. THERMOGRAPHIC METHODS OF FATIGUE TESTING 

Thermographic methods have ambitions to shorten the fatigue testing time. Good spatial resolution, framerate, 
detectors thermal sensitivity enable their usage for indication of temperature changes in reduced area as a 
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consequence of thermo-mechanical processes during cyclic testing [4]. The first contribution about 
temperature measurement during fatigue tests originates from Italy in 1990’s by A. L. Geracy, G. La Rosa and 
A. Risitano [5]. They showed that the temperature of specimens, subjected to cyclic loads, increases at a rate 
determined by the applied load and number of cycles. The temperature in the first stage of its life increases 
linearly with number of cycles, and load in excess of fatigue limit. The temperature stabilizes in a second stage, 
and increases rapidly in the third stage, just before fracture. 

According to previous research in Italy two main methods were developed [6, 7]. The Method 1 [6] consists of 
making various constant amplitude fatigue tests with stresses higher than fatigue limit. Each test is considered 
completed when the quasi-isothermal phase is reached. If temperature difference values are plotted as a 
function of the stress amplitude it is possible to assess the fatigue limit value by linear extrapolation [6]. The 
method 1 was used in [8] or [9] for standard flat AISI 304 stainless steel specimen and welded/heat treated 
tubular specimens of carbon steel 1018 testing. A different approach of the method is based on a stepped 
loading procedure in which specimen is successively loaded, uninterruptedly, at different stress levels that are 
higher than the presumed fatigue limit values. One specimen only is used in this case. 

The Method 2 [7] consists of a stepped loading procedure which starts from loading levels lower than fatigue 
limit. If the temperature value reached at the beginning (or at the half or at the end) of a generic step is plotted 
as a function of an alternate load, it is possible to obtain the fatigue limit of material by a linear approximation 
of the first and second stage of the temperature increase and finding of an intersection [7]. A disadvantage of 
this method is that it is based on absolute rather than relative temperature values. For this reason, it is very 
sensitive to various disturbing phenomena, such as: variation of room conditions, heat transfer by the grips, 
etc. The Method 2 was used for cast iron testing [10] and XC55 steel testing in [11, 12]. 

A lot of modified thermographic methods based on the previous original methods were developed. An 
accelerated method for simultaneous determination of the fatigue limit and a stress-cycle (S-N) curve, which 
is based on a constant rate of temperature rise occurring in the phase 2, was presented in [4]. The 
measurement is performed in one gradually increasing loading test and the results obtained fit inside the 95 % 
confidence interval for the S-N curve based on a full test. An iteration method for the thermographic 
determination of fatigue limit in steels was presented in [13], where also a usage of a thin opaque black paint 
layer for an increasing and homogenizing of measured surface emissivity was described. Lock-in method was 
applied to determine fatigue limit in martensitic and austenitic stainless steels in [14]. The comparison between 
fatigue analysis by acoustic emission and thermographic techniques was published in [15]. The thermographic 
technique was used to monitor the temperature evolution of the magnesium alloy and its welding joint 
specimen during a high-cycle fatigue testing in [16]. Robust thermographic data analysis to fatigue limit 
evaluation of various martensitic stainless steels was performed in [17]. On-line detection of fretting fatigue 
crack initiation by lock-in thermography is introduced in [18]. The authors in [19] used the “stepped loading 
procedure” for two different ductile iron specimens to determine thermal variations and calculate Wöhler curve. 
Fatigue limit of steel welded joint specimen was evaluated in [20] using lock-in method. Thermography together 
with a synchronous demodulation was used for a determination of the fatigue behavior of steel and aluminum 
alloys in [21]. 

3. EXPERIMENTAL SETUP 

Standardized cylindrical-shaped specimens of 10 mm diameter from 15Ch2NMFA steel were used for fatigue 
measurement experiments. High emissivity paint Dupli-Color Supertherm black 800 °C [1] was applied on 
surfaces measured by a thermographic camera. The application of the paint made homogeneous and high 
emissivity surfaces, which enhanced the thermographic measurement accuracy [3]. 

Cyclic loading with thermographic measurement experiments were performed in Research and Testing 
Institute laboratories in Plzeň (Czech Republic). A standard fatigue testing device SCHENCK 250 kN was used 
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for a cyclic loading of samples. A hydraulic cylinder of the device produces the maximum force 250 kN with 
displacement up to ± 125 mm. The device is fully controlled by a computer, which enables to set the shape of 
load (sinusoidal, step, rectangular), frequency, offset of the load etc. The loading force has asymmetric 
sinusoidal shape with minimal value of 10 % of the maximal value of the set force with frequency of 10 Hz. 
The load amplitude starts with force of 10 kN (load of 127.3 MPa) with equidistant step of 2 kN (25.5 MPa) up 
to the rupture. Each step of load takes approximately 10 minutes, when the temperature is measured after 
stabilization by a thermographic camera. 

IR camera Optris PI400 was used for the temperature thermographic measurement. It is an uncooled micro-
bolometric camera with a focal plane array detector with resolution of 382 x 288 pixels, which measures in the 
wavelength range from 7.5 m to 13 m. The camera measurement temperature range is from -20 °C to 
1500 °C; the subrange from -20 °C to 100 °C was used for the measurement. A telescopic lens with the field 
of view 13° x 10° and the minimum focus distance 50 cm was used. A temperature sensitivity of the camera 
with telescopic lens is 0.1 K and its accuracy is ± 2 °C or ± 2 %. The maximum camera framerate is 80 Hz, 
recording framerate 1 Hz was used for this measurement. 

The IR camera was placed on a tripod in front of the fatigue test machine in distance of 0.5 m. A tested sample 
was strengthened into the clamp jaws of the machine. A polystyrene slab was put down behind the sample to 
avoid reflections from the surroundings. The experimental arrangement is shown in Figure 1. 

a) b) 

  

Figure 1 Experimental arrangement - a) schema: 1 - clamp jaw, 2 - tested sample, 3 - IR camera, 4 - 
measuring computer, 5 - polystyrene slab; b) photo 

4. EVALUATION METHOD 

The thermographic measurements were performed by the RIFT software, which was developed at the ZČU-
NTC laboratories (University of West Bohemia, New Technologies - Research Centre). The software enables 
to set all standard thermography measurement parameters: emissivity 0.93 (high emissivity paint), distance 
between camera and measured object 0.5 m, reflected temperature 20 °C, atmosphere transmissivity 0.99 
and atmosphere (surroundings) temperature 20 °C. As the temperature changes in observed testing steps are 
not fast, the recording frequency was 1 Hz. The thermographic measurement and recording of the complete 
data is performed during the whole test. The RIFT software evaluates the measured temperature data 
immediately (online) after each step is finished. The fatigue limit determination is based on the Method 2 
mentioned above in Section 2. 

At each step, after the load is increased and a sample temperature is stabilized, the maximum sample 
temperature is averaged in time interval of the length about 1 minute (start and end of this interval is set by an 
operator). The determined temperature value is then recorded together with the actual load and the load is 
then increased to a next loading step. Actual thermogram as well as temperature time-profile and the 
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dependence of the maximum temperature on a load level are plotted in the graphical user interface of the RIFT 
software - see Figure 2. The online fatigue limit evaluation is based on the stepwise distribution of measured 
values to two groups - group A corresponds to loads lower then searched fatigue limit and group B corresponds 
to loads higher than searched fatigue limit. The temperatures in both groups are linearly approximated. The 
correct distribution to groups A and B is ruled by the condition that the highest load in group A is lower than 
fatigue limit and the lowest load in group B is higher than the fatigue limit, that is calculated as intersection of 
group A and B linear approximation (Figure 2). This procedure - dividing into groups and checking of condition 
fulfillment is made with the software automatically after each point addition. However, the operator has also a 
possibility to adjust the points in the groups manually. 

 

Figure 2 RIFT software screenshot - IR image of tested sample with a selected region of interest, 
temperature profile and temperature-load dependence for fatigue limit determination (blue - A, red - B) 

The whole thermographic sequence is recorded (raw thermographic data) during the measurement. The RIFT 
software enables to work in an off-line mode also. In this case, the recorded sequence can be read from a file 
and can be processed in the same way as when it is measured on-line (that means a measurement simulation). 
In such a way, the evaluation can be performed repeatedly with different parameters or for evaluation results 
verification. 
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5. RESULTS 

Fatigue limits of two identical samples were evaluated using the thermographic fatigue testing. The results 
were compared with a standard fatigue testing results of the same material. The results are summarized in 
Table 1. 

Table 1 Comparison between results of IR thermography fatigue limit measurement and standard test 

Sample # 
Fatigue limit Tensile strength 

RIFT Standard test RIFT Standard test 

1 322 ± 18 MPa 
464 ± 2 MPa 

735 MPa 
691 MPa 

2 474 ± 15 MPa 736 MPa 

The evaluation showed that the condition defined for the fatigue limit determination can be fulfilled for more 
combinations of distribution of load-temperature dependence points in the groups A and B. Thus, all 
satisfactory solutions were evaluated and an average value with a tolerance (standard deviation) were 
evaluated and presented in the Table 1. The thermographic testing brought fatigue limits 322 MPa and 
474 MPa, while the standard test procedure result was 464 MPa. As the sample 1 thermographic testing result 
of the fatigue limit is about 100 MPa lower compared to the standard procedure, the result of the sample 2 is 
in a very good agreement with the standard fatigue testing results (difference about 10 MPa). The differences 
can be cause by other material issues and the results can be assumed as satisfactory at this stage of the 
thermographic fatigue testing method verification. 

The thermography measurement at the cyclic loading can indicate also other material limit points except the 
fatigue limit. A significant thermal response during the cyclic loading has also tensile strength of the tested 
samples, which were evaluated in the same manner as the one used for the fatigue limit evaluation. The tensile 
strength of the samples 1 and 2 determined by the thermographic methods was 735 MPa and 736 MPa, 
respectively. Also these values are in a good accordance with the strength limit 691 MPa evaluated by a 
standard tensile test. 

6. CONCLUSION 

The method and its implementation to a software tool for online fatigue limit evaluation was introduced. The 
principles of thermographic fatigue limit evaluation according to the Method 2 published in [7] were adapted 
for the condition of fatigue limit position evaluation between groups A and B. It was shown that the method is 
fast enough compared to standard testing methods and can bring valuable results. 

The thermographic method was used for cyclic loading test measurement and online fatigue limit evaluation 
of the 15Ch2NMFA steel samples. The determined fatigue limit values 322 MPa and 474 MPa as well as the 
tensile strength limits evaluated simultaneously at the same test are in a good agreement with results obtained 
by standard testing methods. 
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Abstract 

Fracture surfaces of X70 steel DWTT broken samples are analysed using new surface evaluation concept. 
The presented approach is an alternative to an expert determining a ratio between the ductile and brittle 
fracture area. The analysed data source, i.e. 푥, 푦 and 푧 coordinates of points of fracture surface, comes from 
3D scan using Limess Measurement Technique. Beside formerly used fractal geometry approach, new 
concept based on normal vector characteristics is used. The fracture surface net is generated by triangulation 
of points of fracture surface. For every triangle, the normal vector is computed. Thereafter, normal vector 
characteristics are clustered via k-means++ clustering algorithm. Application of the algorithm improves the 
correct detection of the brittle and ductile fractures significantly, so that the achieved clusters highly correspond 
to the real distribution of the ductile and brittle fracture areas on DWTT surface. Furthermore, applied methods 
are computationally very fast, so that it is possible to apply them for the scans with considerably higher 
magnitude. The correctness of the final cluster results are evaluated comparing with the real displacement of 
the brittle and ductile fracture, and by using various theoretical approaches.  

Keywords: DWTT samples, ductile and brittle fracture, k-means clustering 

1. INTRODUCTION 

The correct identification of the fracture surfaces is very important for an evaluation of fracture resistance. 
Nowadays, there are many mechanical tests for determining a fracture resistance, e. g. Charpy V-notch test 
or Drop Weight Tear Test (DWTT) [6]. In our paper, a fracture surfaces of the broken DWTT specimens are 
studied using commercially produced samples of API 5L X-70 sheet steel with thickness 18.7 mm. 

After realizing DWTT, the tested surface is evaluated by an expert, who evaluates a ratio between a ductile 
and brittle fracture. Analysis by a specialist has many advantages, however, amount of human error is also 
incorporated. In some cases, expert opinions may vary significantly, see [7]. Alternative to an expert evaluation 
is realizing 3D scan. The fracture surfaces were scanned by 3D camera using Limess Measurement. 

The aim of this paper is to present an alternative method of the fracture surface evaluation. To determine 
displacement of the brittle and ductile fracture various normal vector characteristics are used. The Normal 
vector characteristics are an alternative approach to the fractal geometry concept, which is often used in 
fracture surface characterization [2]. However, normal vector characteristics compare to fractal dimension 
evaluates fracture area in certain place see [11]. 

The displacement of normal vector characteristics well corresponds to the real displacement of the ductile and 
brittle fracture areas. Normal vector outputs can be greatly improved applying appropriate techniques. Dividing 
normal vector characteristics to a ductile and brittle fracture can be seen as clustering problem. In this sense, 
we will apply k-means++ algorithm [1]. The k-means++ algorithm seems to be the best choice of all Lloyd type 
algorithms for the presented problem see [10]. Final clustering results are compared with the real ductile and 
brittle fracture displacement. Furthermore, the various clustering criterions are taken into account [3].  
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2. INVESTIGATED MATERIALS AND METHODS 

2.1. DWTT specimens  

The fracture surfaces of the broken DWTT specimens are studied using samples from commercially produced 
API 5 L X-70 sheets Cr-Mn steel with thickness of 18.7 mm. The steel was austenitized at 1200°C, rolled with 
an initial temperature of 985°C, and final rolling temperature of 832°C. It was then water-cooled from 800°C to 
465° at 9.1 °C/s. Basic mechanical properties of the steel at 20°C were determined by tensile testing on 
standard specimens with a circular cross-section of diameter 4 mm at deformation speed  
0.008 s- 1. The yield strength Rp0.2 > 485 MPa and the tensile strength Rm > 570 MPa. 

The proposed methods of evaluating the ductile fracture percentage (i.e. the percentage of the fracture surface 
displaying ductile fracture) were tested on ten DWTT specimens with dimensions 300 x 76 mm and with the 
same thickness as the sheet steel (18.7 mm). The specimens were press-notched to a depth of 5.1 mm. All 
DWTT specimens were tested at -20°C. The DWTT specimens were broken by a falling weight of 800 kg on 
Drop Weight Tester 40 apparatus. Fracture surface of broken DWTT specimen of investigated API 5L X-70 
steel at -20°C is given in Figure 1.  

The DWTT specimen fracture surfaces were photographed using 3D camera produced by Limess 
Measurement Technique and Software. 3D camera projects straight lines into DWTT specimen and 
photographs deformed image of the lines. After using the projection, the real surface is represented by discrete 
points recorded in their 푥, 푦 and 푧 coordinates. The scan was not realized with high magnification, so that the 
specimen is represented with approximately 50 000 points. Computer surface visualization is presented in the 
Figure 2. 

 
Figure 1 DWTT surface specimen 

 
Figure 2 DWTT surface visualization 

2.2. Normal vector characteristics 

To determine normal vectors, the fracture surface is covered with the net of triangles. The vertices of triangle 
correspond to real measurements of the fracture surface. To create the triangle net, the Delaunay triangulation 
was used, see [4]. The Delaunay triangulation maximizes the lower angle of each triangle, so that the final 
triangulation contents as regular as possible triangles. For every triangle, the unit vector perpendicular to the 
triangle (normal vector) is calculated. Total amount of normal vector is over 100 000 values (greater than 
former data source). Every normal vector is placed to the centre of gravity of the appropriate triangle for 
purposes of data visualization.  
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For an every (unit) vector, we will use the length of its  푦, 푧 component. The components describe how much 
is the surface tilted in the 푥, 푦, 푧 directions. Furthermore we will consider changes of 푥,  푦 and 푧 components 
of two neighbouring vectors with the greatest angle deviation. For given normal vector 푛  =  ( 푥  , 푦 , 푧  ) related 
to the centre of gravity 푇  = ( 푥 , 푦  , 푧 ) of the triangle Δ , we take into account 푥  , 푦  , 푧 . For every fixed 푖, we 
chose a neighbour Δ  of the triangle Δ  with a maximal angular deviation of related normal vectors; so that we 
compute absolute differences of the change of vector component  

푑   =  
   

  – 
  푑   =  

   

  – 
 푑   =  

   

  – 
 .         (1) 

Let us summarize, that every triangle with the centre of gravity 푇  is evaluated with three values normal vector 
components 푥 , 푦 , 푧   and absolute difference 푑 , 푑 , 푑 . 

2.3. K-means clustering 

The k-means is a well-known clustering algorithm. It divides the data set 푋 ⊂ ℝ  to 푘 clusters 퐶 , … , 퐶 , so 
every 푥 ∈ 푋 belongs to the cluster 퐶  with the nearest center 푐 . The k-means solves the problem of minimizing 
the potential function 휙 

ϕ =  ∑ ∑ ‖푥 − 푐 ‖∈∈            (2) 

with respect to 퐶. 

Principally the problem of minimizing the potential function can hardly be solved by finding the best solution 
from all possible realizations. K-means solve the (2) in finding suboptimal solution with respect to the choice 
of initial centres (or clusters). The basic procedure of the algorithm can be described in the following way: 
 Choose 푘 initial centres {푐 , 푐 , … , 푐 }. 
 Assign each observation 푥 to the cluster (1, … , 푘) with the “nearest” center. 
 Set new centre as a mean (for Euclidean metric) of every cluster. 
 Repeat previous two steps until no cluster 퐶  changes.  

The results of the k-means depend on an initial choice of centres. We use the k-means++ variant, where the 
initial centres are achieved using weighted probability, see [1]. Since the algorithm achieves a local minimum 
of potential function, we use 10x repeat of the algorithm choosing the solution with the smallest value of 
potential function.  

One of the disadvantages of the K-means is the fact, that it does not optimize an amount of the clusters. There 
are many criteria and approaches to find the best amount of the clusters for the given problem. In the presented 
paper we use Calinski-Harabasz (CHI) [3] and Davies-Bouldin (DBI) [5] indexes. Both criterions compare 
within-cluster and between-cluster distances. We choose a number of clusters with the highest CHI and with 
the lowest DBI criterion. 

3. RESULTS AND DISCUSSIONS 

In this section, we discuss the achieved results of our approach for the detections of the brittle and ductile 
fracture types, which is presented in the sections above.  

In Table 1, the evaluation indices of the Calinski-Harabasz and Davies-Bouldin criterions are presented.The 
best result in k-means clustering for normal vector components can be achieved in case of two clusters -
according to CHI and four clusters according to DBI. In Figure 2, the result of k-means clustering with two 
clusters is visualized. In this case, the orange cluster represents the ductile fracture area and the light grey 
represents the brittle fracture area. The four clusters results are presented in the Figure 4. In this case the 
orange cluster corresponds to the ductile fracture area. The brittle fracture is represented with two colours light 
grey (central part) and red (right part of the specimen). The notch is represented with light red colour. Some 
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inaccuracies are seen at the borders of the fracture surface and at the high plastic deformation area (down on 
the left side). 

According CHI and DBI criterions, the best result for (absolute) normal vector differences can be achieved 
using two clusters. The result is presented in the Figure 5. The orange cluster corresponds to the ductile 
fracture area. The light grey corresponds to the brittle fracture area. Compare to results of normal vector 
components the differences clustering are loaded with more inaccuracies. The greatest error in the ductile 
identification is in the central part of the specimen. Other inaccuracies can be seen on the left part of the 
specimen in the area of high plastic deformation (according to the [8]). In the other hand, application of 
differences is much more useful in the fracture edge detection. (the edges almost behaves as a border between 
ductile and brittle fracture).  

Table 1 Evaluation of k-means++ results by Calinski-Harabasz and Davies-Bouldin 

 Normal vector components Normal vector differences 

Number of clusters CHI DBI CHI DBI 

2 1.2263e+05 0.8612 1.4096e+03 7.3484 

3 1.0801e+05 0.9642 686.6759 12.2589 

4 1.0809e+05 0.8518 671.5789 10.7777 

5 1.0406e+05 0.9652 679.5739 13.1723 

6 9.8080e+04 0.8805 672.8802 12.8600 

7 9.5414e+04 0.9089 560.1891 13.7480 

8 9.4063e+04 0.9213 478.6658 15.0935 

9 9.2936e+04 0.9215 441.1130 14.8978 

 
Figure 3 Clustering of normal vector components characteristics (2 clusters) 

 
Figure 4 Clustering of normal vector components characteristics (4 clusters) 
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Figure 5 Clustering of normal vector differences characteristics (2 clusters) 

4. CONCLUSSIONS 

A detailed quantitative fractographic analysis of fracture surfaces of X70 steel DWTT specimens was 
presented in order to investigate new possible ways of evaluating its character, especially the ductile fracture 
percentage, independent to individual observation. The fracture area was evaluated with three normal vector 
components and three absolute differences. Thereafter the characteristics were processed with k-means++ 
algorithm. The achieved results highly correspond to the real displacement of the brittle and ductile fracture 
area. However, some inaccuracies also occur. Both normal vector components and differences are useful tool 
for fracture surface characterization. The vector components results are more accurate in some areas of the 
ductile fracture area in general. The absolute differences are further more effective in edge identification. 

Very promising result was achieved applying a simple k-means++ clustering algorithm. The advantage of the 
k-means++ is the high computational effectiveness. The algorithm can be applied on considerably bigger data 
source (approximately few millions of values for common PC). The specification of the algorithm is that it comes 
from the family of unsupervised learning algorithms. It is no need to choose the area with pure brittle and 
ductile fracture area e. g. training sets in case of supervised Machine learning methods before the start of the 
algorithm. In further research, we aim to compare the k-means++ with supervised machine learning methods, 
e. g. support vector machines or neural network approaches.  
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Abstract 

Paper deals with the martensitic stainless steel (MSS) after reversed extrusion and broaching, quenching into 
polymer from austenitization temperature of 1130 °C and subsequently tempered at 480 °C with final cooling 
in the air. Wall thickness of cylinders corresponded to 5 mm. Subsequently some cylinders were cyclically 
loaded. Basic mechanical properties and microstructure features together with fracture analysis of cylinders 
before and after cyclic loading were compared. 

Keywords: Martensitic stainless steel, mechanical properties, fracture analysis, cyclic loading,  
                   microstructure 

1. INTRODUCTION 

The cyclic response is one of the crucial design properties of all mechanically or pressure loaded components. 
Since all materials change their mechanical properties during the cycle loading (e.g. cyclic hardening and cyclic 
softening), it is very important to understand those changes for each steel type. High strength (1000 MPa +) 
martensitic stainless steels (SS) are commonly used in variety of applications, such as highly loaded flanges 
for oil and natural gas mining and transport, high pressure hydraulic components in environment with high 
salinity and newly also high pressure steel cylinders (HPSC) manufacturing for storage and transport of natural 
gas, corrosive gases, scuba diving and highly pure gases. Such material has to withstand quiet severe testing 
conditions as it is presented in 1 to prove its significant corrosion resistance to variety of environments. This 
type of steels is also well resistant to hydrogen embrittlement as 2 - 4 are presenting. There is an extensive 
world-wide work done to increase mechanical, corrosion, fracture and other properties and such work is 
represented by work of Foroozemehr 5 and Ma 6, 7 and Ye 8. However evidence of the cycle life of such 
material type is known, but only in case of single or bi-axial loading. Some of applications, such as pipes, 
flanges, pressure components are intended to be used in tri-axial loading same as high pressure steel 
cylinders. To simulate such loading, the special equipment is needed to achieve tri-axial loading. This is 
achievable only by the internal over pressurization by fluid to simulate as closest condition as possible to real 
cyclic pressurization during the real process. Intention of this paper is to evaluate the influence of tri-axial cycle 
loading on the high pressure cylinder (tubes) made of martensitic SS and to estimate what processes take 
place during with certain results. The investigation in this paper was based on the seven steps - chemical 
composition and mechanical properties testing, cycle loading microstructural, mechanical testing after cycle 
loading, micro purity with grainsize and fracture analysis. Results of mentioned investigation are evaluated and 
compared with the cylinders made of steel AISI 4135, which is used as common material for HPSC 
manufacturing. 

2. EXPERIMENTAL PROCESSES AND RESULTS 

The experimental examination began with the analysis of chemical composition of martensitic SS input 
material - hot forged bar is following [in wt. %]:  0.05 C, 0.69 Si, 0.46 Mn, 14.99 Cr, 3.97 Ni, 0.79 Mo, 0.019 
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N, 0.011 S and 0.039 P. AISI 4135 steel chemical composition revealed following values: 0.38 C, 0.33 Si, 
0.71 Mn, 1.12 Cr, 0.024 Ni, 0.23 Mo, 0.004 S and 0.009 P. 

Second step was based on the forming processes of input billet - reverse extrusion and broaching, 
subsequently neck forming and finally the heat treatment based on the austenitization at 1130 °C together with 
the tempering at 480 °C with subsequent air cooling were carried out. After all mentioned processes second 
chemical analysis of final product was carried out to evaluate the redistribution of certain chemical elements 
with final results in case of SS are [in wt. %]: 0.04 C, 0.73 Si, 0.41 Mn, 14.87 Cr, 3.93 Ni, 0.76 Mo, 0.020 N, 
0.013 S and 0.036 P. Same processes were applied in case of AISI 4135 however the austenitization 
temperature was set to 890 °C with subsequent quenching and tempering with resulting chemical composition 
was [in wt. %]: 0.36 C, 0.67 Si, 0.42 Mn, 1.10 Cr, 0.021 Ni, 0.22 Mo, 0.012 S and 0.038 P. 

Table 1 Mechanical properties after HT (average values from 2 samples) 

Spec. YS 

[MPa] 

TS 

[MPa] 

El. 

[%] 

CVN transverse -50 °C 

[J / cm-2] 

CVN longitudinal-50 °C 

[J / cm-2] 

HBW (2.5 / 187.5) 

[-] 

MSS 900 1023     18.6         125          110     315 

AISI 4135 957 1022     16         75          90    310 

One cylinder of each material after the heat treatment was used for the test samples extraction and the 
mechanical properties testing was the third step of an experimental processes and was focused on the testing 
of yield strength (YS), tensile strength (TS), elongation (El.), CVN and Brinell hardness (HBW). To test the 
tensile properties the Zwick / Roell Z 250 machine was used according to the EN ISO 6892-1. The hardness 
testing machine M4U750 was used to measure achieved hardness according to the EN ISO 6506-1. Notch 
toughness testing was carried out using RKP 450 Charpy Impact Testing Machine according to the ISO 148-
1 at -50 °C in transverse and longitudinal direction. Mechanical properties results are summarized in Table 1. 

The next, fourth step of investigation was cycle loading according to ISO 9808-1 standard. Two cylinders of 
each material after heat treatment were cycle loaded with the setup of lower internal pressure to 30 bar and 
the (upper) test pressure was set to 345 bar with the frequency of 0,25 Hz. Results of cycle loading of AISI 
4135 and martensitic SS to the fracture are listed in Table 2. Table 3 summarizes results of mechanical testing 
after cycle loading. 

Table 2 Results of cycle loading  

Sample number Number of achieved cycles 

1 (AISI 4135) 29899 

2 (AISI 4135) 31945 

3 (Martensitic stainless steel) 80945 

4 (Martensitic stainless steel) 84376 

Table 3 Mechanical properties after cycle loading (average values from 2 samples) 

Spec. YS 

[MPa] 

TS 

[MPa] 

El. 

[%] 

CVN transverse -50 °C 

[J / cm-2] 

CVN longitudinal-50 °C 

[J / cm-2] 

HBW (2.5 / 187.5) 

            [-] 

MSS 902 1009     23.6        146        134 315 

AISI 4135 972 1065     17.7        73        86 323 

Metallographic observation was focused on microstructure after the heat treatment, micro-purity and grain size 
evaluation using the light microscopy (Olympus IX70). For micro-fractography investigation was the SEM 
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(scanning electron microscopy SEM JEOL JSM-6490 LV equipped with X-ray analyser EDA) used. 
Metallographic samples of the finished cylinder from each material were prepared in transverse direction by 
the grinding; polishing and etching in Nital and/or in sodium hydroxide. Figure 1 is revealing the tempered 
martensite microstructure with the presence of approximately between 8 and 10 wt. % of δ-ferrite. In the 
Figure 2, the presence of tempered martensite together with the presence of segregation bands is visible. 

 
Figure 1 δ-ferrite in tempered martensite (martensitic stainless steel) in central area of wall thickness 

(transversal direction) a) general view, b) in detail 

 

Figure 2 Tempered martensite with segregation bands (AISI 4135) a) general view, b) in detail 

Table 4 Evaluation of micro purity and grain size of final products 

 

Material 
Sulphides  

fine/coarse 
Oxides banded  

fine/coarse 
Oxides formable   

fine/coarse 

Globular 
oxides           

fine/coarse 

Coarse globular 
oxides              

fine/coarse 

Grain 
size 

 

MSS - 0.2 / 0.1 0.1 / 0.3 0.4 / 0.1 0.2 9 

AISI 
4135 - 0.3/- 0.2/0.1 0.3/0.2 0.1 10 

Grain size of finished cylinders according to EN ISO643 and micro purity according to ISO 4967 evaluation 
are shown in Table 4. 

The SEM analysis of martensitic SS revealed the presence of crack morphology typical for fatigue loading. 
Crack initiated from the internal surface on the rougher inequality, scratch or possibly oxidized surface, see 
Figure 3(1). The presence of non-metallic inclusions such as sulphides was found as it can be seen in Figure 
3(2). Further crack propagation caused the combination of transcrystalline cleavage and also interkrystalline 
fracture morphology as it is documented in Figure 3(3). Figure 3(4) and 3(5) show the presence of minor 
micro-cracks presence. And as the last stage of the crack propagation, beach marks presence in Figure 3(6) 
is documented and subsequently extensive beach marks with final crack stage (non-stable crack propagation) 
of material together with the one of final crack is shown in Figure 3(7).  

a) b) 

a) b) 
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Figure 3 Fracture surface of MSS after cycle loading 

 

Figure 4 Fracture surface of AISI 4135 steel after cycle loading 

0 

1

3 

4 

5

6 

7 

9 

102 

5

8 

1 

2 3 4 

5 

6 7 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

599 

Scanning electron microscopy analysis carried out on the 34CrMo4 steel revealed also the typical fracture 
morphology for standard fatigue process. Figure 4(0) presents the crack initiation area probably caused by 
the locally decarburized area since the layer of scales is clearly visible. The crack propagation area is 
documented in Figure 4(1). Further continuous cycle loading caused the crack propagation in form of mainly 
transcrystalline cleavage fracture as Figure 4(2) shows. There is a visible beach marks initial presence showed 
on Figure 4(3) and is continuing to Figure 4(6) where is the area of larger connecting cracks presence with 
subsequent non-stable crack propagation as it is shown in Figures 4(7) - 4(9). Figure 4(10) revealed the final 
crack area with a combination of trancrystalline cleavage fracture and ductile fracture with visible dimples. 

3. DISCUSSION 

As Table 3 shows, two different types of steel, however with very similar microstructure as it is presented in 
Figures 1 and 2 and corresponds with [9 and 10] revealed significantly different behaviour after cycle loading. 
Martensitic SS experiences the cyclic softening with the lowered TS by 14 MPa and considerable increased 
El. by 5 % together with also major increase of CVN values. Martensitic SS generally show great fatigue 
response in all fields as it is presented in 11 and directly corresponds with achieved results of cycle number 
that are 2.7 times higher in case of MSS compared to the ASI 4135 steel. It can be estimated that the presence 
of larger amount of δ-ferrite, which will occur in steel always in some certain amount as it is presented in [12], 
does not affect achieved favourable results of mechanical properties in contrary with work of Wang 13 In 
case of AISI 4135 mechanical testing results after cycle loading (see Table 2) was found a significant cyclic 
hardening with the difference of TS 43 MPa with surprisingly increased value 1.7 % of El. together with almost 
not changed CVN values. Achieved TS results in Table 3 correspond with work of Portella and Rie 14 where 
the effect of cycle loading to AIS 4135 steel is clearly described however cyclic strengthening was even more 
intensive. Figure 3 represents the crack initiation up to the final crack area and it is clearly distinguishable that 
the MSS shows primarily the transcrystalline cleavage fracture with minority of intercrystalline fracture, see 
Figure 3(3), presence in limited area that is attributed to the potential different fracture behaviour of interface 
between the present δ-ferrite and the basic tempered martensitic matrix. Figure 4 shows the entire fracture 
surface of AISI 4135 steel based on the transcrystalline cleavage fracture in majority together with the ductile 
fracture corresponding with [10].  

4. CONCLUSION 

This presented paper clearly describes the resistance of two different steel types (MSS and AISI 4135) to the 
tri-axial cycle loading. It was clearly distinguished that that the MSS revealed the microstructure of tempered 
martensite with presence of δ-ferrite in portion 8 - 10 wt. % and undergoes the cyclic softening proved by the 
decrease of TS by 14 MPa and increase of El. by 5 % together with CVN values increase. Fracture surface 
Presence of limited small areas of intercrystalline fracture is going to be a point of future research to clearly 
distinguish the essence of this phenomenon.  

The AISI 4135 steel showed significant cyclic hardening behaviour. The increase of TS was recorder on the 
level of 43 MPa however with an increase value of El. that increased from 16 % to 17.7 %. CVN values were 
not almost changed. There will be of future more extensive research and testing done to explore the origin of 
increasing El. values even though the TS is increasing. Fracture surface revealed mainly transcrystalline 
cleavage fracture typical for AISI 4135 steel as it is documented in [10]. 

This paper can be used as a background and supporting material for a constructors and designers of pressure 
components that are going to be tri-axially loaded to make calculations of components durability more accurate 
and safe. 
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Abstract  

The ferritic martensitic steel T91 is among the candidate materials for internal structural components of future 
Heavy Liquid Metal cooled reactors. The position of T91 on the list of the candidate materials is now being 
questioned due to the evidence of its sensitivity to liquid metal embrittlement (LME), mainly in PbBi eutectic. 
Therefore, a renewed interest is currently focused on austenitic steels, in particular on 1.4970 steel, as there 
is a lack of evidence of LME for them. 

The main goal of this work was to provide an insight into crack initiation phenomena in Liquid Metals for the 
two different steels and the evaluation of possible mechanisms initiating and propagating the cracks.  

Slow Strain Rate Tensile (SSRT) tests were carried out with flat specimens in PbBi at 300 °C with low oxygen 
content (about 10-8 wt. %) and, for comparison in air, up to the Ultimate Tensile Stress (UTS) point. Tests were 
performed with flat tapered specimens, which were meant to create a uniform variation of stress along the 
gauge length, with the maximum stress concentrated in the smallest area. This specimen geometry can be 
used for determination of the threshold stress of the crack initiation.  

The behaviour of the two materials was affected by the environment, as their cracking mode changed in PbBi 
when compared to the testing in air. Post-tests examinations were carried out with a Scanning Electron 
Microscope (SEM) equipped with Focused Ion Beam (FIB). The role of oxides formation and microstructure is 
discussed and correlated to the initiation of cracks. 

Under these experimental conditions 1.4970 steel was not affected by the environment, as small plastic cracks 
were observed around the Ti-rich precipitates in both air and PbBi. 

By contrast T91 steel showed a market tendency to the crack initiation and rapid growth in PbBi. 

Keywords: Ferritic-martensitic steel, austenitic steel, lead-bismuth eutectic, tapered, crack initiation  

1. INTRODUCTION  

Materials interaction with Heavy Liquid Metals has been a topic of wide interest for several years [1] because 
of worldwide interest on developing HLM-cooled nuclear reactors. This work focuses on the fundamental 
understanding of steel cracking conditions in HLM. In particular, two reference steels were considered and 
compared.  

The phenomenon called Liquid Metal Embrittlement (LME) is characterized by the tendency of structural 
materials to low energy fracture under stress in contact with liquid metals; the phenomenon is typically 
associated with a change from ductile to cleavage-like fracture mode [2]. Extensive investigations have been 
conducted to study its characteristics and to understand the mechanism, but there are still many open 
questions on the initiation and mechanisms of propagation. 

2. EXPERIMENTAL 

Material.The ferritic-martensitic steel T91 (Grade 91 Class 2/S50460) of nominal composition (wt. %) Fe-8.9Cr-
0.9Mo-0.4Mn-0.2Si-0.2V was produced by Industeel, Arcelor Mittal group. The material was normalized at 
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1150 °C for 15 min with subsequent water cooling to the room temperature and finally annealed at 770 °C for 
45 min, slow cooled in the air. The typical microstructure formed by this heat treatment consists of laths of 
martensite and original austenitic grains.  

Austenitic 1.4970 steel (also known as 15-15Ti) of nominal composition (wt. %) Fe-15.95Cr-15.40Ni-1.49Mn-
1.20Mo-0.52Si-0.44Ti was produced by Sandvik. The material was provided in from of a bar which was taken 
from intermediate step of a thin wall cladding tube production. The final step of the treatment for the supplied 
bar was homogenizing heat treatment at 1200 °C for 24 hours, reheating to 1240 °C-1260 °C and hot forging 
by hydraulic press. The microstructure of the section from which the specimens were machined had large 
grains and contained numerous large intergranular Ti-rich precipitates. 

Specimens. Flat tapered specimens (Figure 1) [3] were fabricated by wire cutting using electrical discharged 
machining (EDM). One of the two large parallel surfaces was ground to 500-grid finish and the other one was 
polished to 1m finish before testing.  

 
Figure 1 Tapered specimen 

Experimental procedure. The tapered specimens were monotonic tensile loaded in the CALLISTO cell, a 
vessel containing PbBi (LBE) built on a Zwick/Roell Electromechanical Creep Testing machine, Kappa 50DS. 
CALLISTO is based on the 2-vessel concept, where the first container serves for preparation of the liquid metal 
(gas dosing). The liquid is then transferred to the second tank, where testing of the specimen is performed. 
Table 1 contains the test matrix, giving a general view of the two materials being tested at the same 
temperature (300 °C) and strain rate (10-6 s-1) in different environments, air and PbBi. The last column reports 
the oxygen content measured in the experiments in PbBi, with oxygen sensors (Bi/Bi2O3). 

Table 1 Test Matrix 

Steel Environment T [°C] Strain Rate [s-1] O [wt. %] 

T91 Air 

300 10-6 

- 

T91 PbBi 1-30 ×10-8 

1.4970 Air - 

1.4970 PbBi 4×10-8 
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Post-test evaluation. After test, the specimens were observed and analysed in a dual beam FIB-SEM system 
LYRA3 GMU (fy TESCAN). The sample surfaces with cracks were recorded in a secondary electron mode at 
working voltage 20 kV and electron beam current ~1 nA. The FIB milling and polishing procedure using Ga+ 
ions at working voltage 30 kV and ion beam currents ~1 nA and ~0.2 nA carried out to create a cross sectional 
view of a chosen crack. A Pt over-layer was used for protecting the cross section from damaging during the 
milling process. 

3. RESULTS 

3.1. Tensile tests 

Slow Strain Rate Tensile (SSRT) tests were carried out at first up to rupture, then up to the maximum load, in 
order to keep uniform stress and strain in the tapered part and to avoid strain localization. The stress-
displacement curves (Figure 2) showed that the environment did not have a marked effect. However, both 
steels show a slight decrease of the maximum stress value in PbBi compared to the one in air. 

a)  b)  

Figure 2 Stress-Displacement curves for a) austenitic 1.4790 and b) ferritic-martensitic T91 steels 

3.2. Post-test examination 

3.2.1. The steel 1.4970 

After test, the specimen surface was observed to characterize surface cracks. On the ground and polished 
surfaces, there were numerous crack openings around the Ti-rich precipitates. In particular, in air on the ground 
surface there were the cracks and slip bands marking plastic straining besides the grinding steps (Figure 3a). 
Even though the plastic marks were more numerous after testing in LBE, they still had features of plastic 
deformation and shallow cracks developed inside some of them (Figure 3b). 

3.2.2 The steel T91 

On the surface of the specimens loaded to rupture in air, there appeared shallow surface cracks (Figure 4), 
which initiated within slip bands. While on the polished surface these slip lines are significant, on the ground 
one these features are hidden in the roughness of the surface finish. However, the character of the surface 
cracks is similar, likely ductile. 

On the specimen tested in LBE up to the UTS, it was observed formation of semi-brittle cracks (Figure 5). In 
locations around the lowest diameter much more ductile features were observed (Figure 5a) than in the 
location of lower stress (Figure 5b) where the last (the farthest away from the neck) crack appeared. For the 
last crack, the maximum reached stress was 550 MPa (89 % of UTS, 109 % of Rp0.2) and the plastic strain 
was lower than the total one. These cracks were very likely initiated owing to LME. 
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For a more detailed investigation of the crack initiation, another specimen, which was loaded in PbBi up to 
rupture, was used for the FIB cutting and observation of the surface cracks. In particular, the features showed 
in Figure 6a and in the cross section (Figure 6b) highlighted the presence of surface cracks. As initiated the 
cracks were longer on the surface in comparison to their depths. On the image, a two-layer oxide (about 
0.3 m thick), which is in general identified as an outer Fe3O4 and an internal FeCr2O4 spinel type oxide, can 
be clearly distinguished. 

 

   

Figure 3 a) Tapered specimen loaded in AIR. B) Tapered specimen loaded in PbBi 

 

     

Figure 4 T91 tapered specimen loaded in AIR to rupture:  
a) slip lines in necking area of the polished surface, b) the ground surface cracks  
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Figure 5 T91 tapered specimen loaded in PbBi up to maximum load, details of the ground surface; crack 
appearance in a) higher and b) lower stressed regions as marked in the upper picture 

   

Figure 6 SEM detail of surface cracks in T91, in the necking region about 2 mm from fracture. a) Top view of 
surface cracks (red arrows point to the location of the FIB cut) and b) FIB cross section of the surface cracks 

The cracks initiated in the outer more brittle magnetite layer and they are temporarily stopped at the interface 
with the internal spinel (Figure 6b). One of the observed cracks grew into the bulk (about 1 m deep) at an 
angle of about 45°. The crack was most likely initiated in a slip band under the surface as it shows a step 
between oxide layers on the opposite sides of the crack. This step resulted in opening of the crack which is 
visible on the surface. However, the crack has lack of PbBi inside that suggests a lack of environmental effect. 

5m 5m 

10m 1m 

a b 

a b 
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Indeed, there appear to be a sufficient oxide layer to prevent the direct contact between the media and the 
steel. Further investigation is ongoing. 

In summary, the observation showed that local plasticity is an important part of the crack initiation in both steels 
in air as well as in LBE.  

4. CONCLUSION 

Tapered specimens of austenitic 1.4790 and ferritic-martensitic T91 steels were monotonically loaded in air 
and PbBi at 300 °C: 

 The austenitic steel showed ductile behaviour in air with surface slip bands and openings around Ti-rich 
precipitates. In LBE, superficial semi-brittle cracks developed in the slip bands. 

 The T91 surface cracks were initiated and propagated in air and LBE. In LBE, most of the shallow cracks 
are limited to the outer Fe3O4 oxide layer. Deeper ductile cracks were filled with a thin oxide preventing 
wetting from the liquid metal. 

 Plastic strain is a necessary contribution to crack initiation in T91 in LBE, in order to observe LME. 
 Threshold stress for LME crack initiation in T91 was evaluated to be 550 MPa. 
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Abstract  

Paper presents the analyses of high strength steels type of MnB5, widely used for auto-body passive safety 
parts. Different surface treatment towards to weldability optimization was subjects of performed experiments. 
Diffusion processes in surface layer due to variable heat treatment were observed as a substantial influence 
on strength of welding joints; prospective influence on microstructure and dynamic response outside heat 
affected zone was also examined.  

Current development trends in this area lead to limitations for standard mechanical tests. Variable mechanical 
response of a particular constructional parts is required for energy flow during crash, so the local dynamic 
response including energy consumption during deformation and destruction needs to be analyzed. The rate-
dependent behavior was examined at strain rates approaching operational relevant strain-rates, i.e. at strain 
rates ranging from quasi-static to 1000 s-1. Behavior of steels in the sub-Hopkinson regime revealed the most 
influential strengthening effects, and also the higher sensitivity to phase heterogeneities. The present study 
employed servo-hydraulic tensile testing machine and the hammer loading system to obtain precise uniaxial 
loading and also decisive information about energy consumption. 

Keywords: Martensitic steels, dynamic fracture behavior, high strain rate  

1. INTRODUCTION  

Use of 22MnB5 high-strength martensitic steels has been increasing proportionally to requirements for 
improvement of car body passive safety. Boron alloyed steel reaches the strength during hot stamping process, 
material is formed in a thermo-mechanical process during anizothermal cooling from the austenization 
temperature into the specified shape and reaches a fully martensitic structure with strength higher than 1500 
MPa [1]. Besides weldability, another critical parameter of this steel is high energy consumption in fracture. 
Due to the application, the material response at deformation rate close to crash situations is significant. Critical 
factors are stability of ductile fracture mode, dynamic hardening tendency and steel sensibility to internal 
heterogeneity for metallurgical grade of steel.  

Al/Si surface layer is applied to prevent oxidation during austenization over 900 °C and next quenching. 
According to a number of studies, presence of this layer affects weldability [2]. In order to optimize the welding 
processes, the austenization processes are controlled which affect the internal structure of Al/Si layer [3, 4]. 
Eventual influence on dynamic hardening capacity remains a question.   

The paper focuses on studying effects of alternative austenization procedures (and thus alternative structure 
of Al/Si layer) on dynamic hardening of steel and detailed study of such effect on weldability. The paper also 
presents results of experimental study of processes which affect the fracture behaviour in a specific 
metallurgical quality of material at the deformation rate of approximately 1000 s-1. 

2. METHODOLOGY OF EXPERIMENT AND PERFORMED ANALYSES 

The subject of the study was martensitic high-strength steel 22MnB5; chemical composition is detailed 
in Table 1. Reference samples with thickness of 1.2 mm were prepared for experimental analyses of influence 
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of thermal mode on surface layer condition and subsequently on dynamic strength and weldability 
of martensitic steel, with the following austenization times: 300, 420, 660 and 840 seconds. The austenization 
temperature was identical for all samples - 920 °C.   

Table 1 Chemical composition of experimental steel [wt. %] 

C Mn Si P S Cr Cu Alcelk Ti B N O H [ppm] 

0.24 1.24 0.21 0.011 0.009 0.10 0.02 0.029 0.06 0.0030 0.0024 0.0020 2.3 

Impact tensile tests were carried out for purposes of studying the dynamic hardening intensity at high 
deformation rates, corresponding to the working load in crash situations. The tests were concurrently carried 
out using two types of equipment: (i) fast hydraulic cylinder (AH 40-300, Kistler 9351B force sensor, Keyence 
LK-H 087 travel sensor), (ii) instrumented impact test hammer (Zwick/Roell BRA342038306). This enabled to 
check results up to the rate of 5.3 m / s. The intention of the equipment combination applied was to further 
verify possibility of minimizing samples for dynamic tensile tests. This requirement arises from the fact that the 
real condition of the subject material is given directly by production process of specific pressings of car body 
design safety elements. Broken shape and profile of these pressings do not allow preparation of samples in 
dimensions sufficient for standard tests, experimentally prepared material (with the aim to prepare sufficiently 
flat samples) cannot ideally simulate conditions of real production (hot stamping process). Therefore, the 
experiments carried out at the maximum loading rate of 5.3 m / s using the impact test hammer included 
compliance tests of special chuck, enabling sample testing with safe slip prevention at the impact moment. 
Validation of this equipment and of the entire testing methodology was based on concurrent testing at the 
same loading parameters using an electro-hydraulic cylinder with the above-mentioned measurement system 
at the maximum load of 15 m / s. Use of the impact test hammer enabled direct recording of the total energy 
consumed at sample destruction, the tests using an electro-hydraulic cylinder enable evaluation of the energy 
performance by calculation based on test records (force vs. movement).    

Evaluation of influence of the surface layer on dynamic strength of resistance spot welds was based on impact 
tensile tests at the rate of 15 m / s. Material static response in various conditions of thermal influence in 
connection with surface treatment, also owing to the weld cycle in critical zone of thermally influenced area, 
was evaluated by local indentation tests at variable load. Additional metallographic, fractographic analyses 
and chemical energy microanalyses provided information about local structure and mechanism of fracture in 
relation to achieved values of dynamic strength of martensitic steel, or of spot welds of such steel. 

2.1. Experimental material  

The initial analyses conducted included the surface layer condition analyses, focused on homogeneity and 
thickness of diffusion layer at the interface with the base material. On one hand, diffusion of Fe into surface 
layer results in the required increase in the layer hardness and resistance, but on the other hand, the previous 
analyses demonstrated a negative influence on material weldability. The problems are caused by change of 
resistance in connection with width of an interlayer enriched with Fe. Determination and continuous monitoring 
of limits are required for stability of fully automated process of resistance spot welding. With respect to the 
surface layer heterogeneity and uneven thickness of the individual sub-layers, measurement was carried out 
automatically in 10 µm intervals, in 7 measurements altogether out of the total 10 measurement positions. 
Figure 1 (a) documents the internal surface layer structure after processing in 920 °C / 840 s mode; (b) shows 
average values of the above-mentioned measurements.  
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Figure 1 (a) A typical structure and (b) thickness of diffusion inter-layer of Al/Si coating   

3. REFERENCES DYNAMIC STRENGHTENING INFLUENCED BY STRAIN RATE 

Results of dynamic strength tests were supplemented by values of energy consumed into the accelerated 
crack propagation; this parameter was chosen to evidence the difference in deformation behaviour of samples 
under the load applied. A typical record of the test using instrumented hammer is presented in Figure 2 (a); 
character of the record (without evidence of spurious effects in form of, for instance, slip or higher vibrations 
at the moment of impact) confirms the measurement correctness.     

It identified decrease in dynamic strength with increasing austenization time. Results presented in Figure 2(b) 
shows the effect of tested material conditions on dynamic response at the loading rate of 4.1 m / s. A huge 
scatter of results is related to characteristics of the steel structure and phase. Quantity and distribution of 
precipitates were found to have the critical influence on fracture behaviour at the higher rate than 103.s-1. The 
above-mentioned influence increases with increasing loading rate and so does the scatter of the reading. 

 

 

 

 

 

 

 

 

 

 

Figure 2 (a) A typical record and (b) results of dynamic test at 4 m / s 

Fractographic analyses demonstrated ability of the material to maintain ductile mechanism of fracture even at 
the maximum loading rate tested. Major negative effect influence on fracture behaviour was identified in 
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connection with presence of secondary particles on the basis of Niobium and Titanium. Figure 3 (a) documents 
the defective fracture areas where the influence of rows of the above-mentioned particles became evident. 
The defective area detail in Figure 3 (b) proves presence of the initial discontinuities around particles, 
developing by load during the dynamic tensile test. The details document characteristic orientation of shear 
bridges inside such formations - parallel to the fracture plane. So these are initial discontinuities, copying the 
forming direction when final separation of only partly interconnected surfaces occurred in the test. It is obvious 
that areas at the interface of distribution of these particles regulated by forming and metal matrix may work as 
Hydrogen traps at the same time. Sensitivity of this steel to presence of Hydrogen increases with the 
deformation rate. 

 

Figure 3 (a) Defective fracture mode due to precipitation   

4. DYNAMIC STRENGTH OF WELDING JOINTS 

Influence of the surface layer condition or, as the case may be, of the diffusion interlayer thickness, on dynamic 
strength of resistance spot welds was tested on the same experimental alternatives of martensitic steel, i.e. 
material after the same austenization modes.  

Results are presented in Figure 4, decrease in strength is apparent with increasing austenization time and 
increasing diffusion layer thickness. The huge scatter of results was caused by micro volumes of the Al / Si 
surface layer material melted. With respect to influence of the softening zone on the austenization temperature 
interface, the influence of tempering of original martensitic structure was evaluated by indentation tests for all 
tested heat treatment alternatives. Instrumented indentation tests using a Vickers indenter were performed 
according to standard ISO 14577-1.  

Elastic versus plastic response ratio was applied to the comparison tests (ηIT(Welast / Wtotal 100 [%]). Differences 
within the experimental set of steels cannot be considered significant; substantial difference of elastic-plastic 
response was found in the softening zone 7 as compared to material outside the thermally affected area of 
welds (ηIT = 117.8). 

b a 
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Figure 4 (a) A typical macrostructure of 22MnB5 spot weld (b) crack initiation at Al-micro-volume in weld 
metal (c) a typical microstructure of tempered zone (d) dynamic strength of spot weld 

5. CONCLUSION 

Study of dynamic strength increase depending on deformation rate showed the highest intensity of dynamic 
hardening of the given steel type within the deformation range of up to 5 m / s, more intensive than another 
steels for comparable usage [5, 6]. The results also indicate that a substantial effect on response stability at 
the loading rates close to real conditions of crash situations is presence of precipitates in possible interaction 
with Hydrogen. These effects increase with increasing loading rate, intensification of this effect was identified 
above the deformation rate of 1000 s-1.       

Influence of diffusion interlayer enriched with Fe on weld strength has already been proven by a number of 
experimental works. Accepted is the connection with influence on transition resistance during welding [7], thus 
on range of smelted volume of material, based on which the limits are determined for thickness of this layer 
for ensuring the process stability. Another effect that intervenes in the weld failure process is the material 
condition in fusion zone. At the moment of shock load transition, the critical parameter is the elastic-plastic 
response at the weld nugget interface. For the given material type and Al / Si layer, the critical role is played 
by two processes here, whereas the intensity of their influence de facto competes with the generally accepted 
“limited interlayer thickness - optimized connection strength” dependence.   

a b 

c 
d 
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The first effect mentioned is the tendency towards melting away of the Al / Si layer to the weld metal in the 
least positive case (under influence of microscopic mixing of material) of tendency towards formation of micro 
volumes containing Aluminium along the fusion line. The situation definitely results in fracture initiation along 
the fusion line when the dynamic strength is controlled only by the material condition along the fusion zone in 
line with the established relations in welding process optimization [8, 9].   

Another significant process is strength decrease in the zone at the austenization boundary. Energy 
consumption during material destruction is significantly higher in the zone. The indentation tests indicate that 
the elastic-plastic capacity of material in this layer is not significantly affected by the tested differences in 
surface layer condition and the corresponding differences in heat transfers during welding. A significant 
difference from response of not affected material was measured. Contrary to a number of other applications, 
the local heterogeneity of material mechanical response is a desirable effect in this case which enables 
preferential initiation of fracture in the decreased strength zone. These situations result in maximum weld 
strength achieved. Intensity of both effects increases with the loading rate, and thus with the deformation rate. 
Interaction of all effects mentioned above then causes huge scatter of results and increases requirements for 
correct interpretation, in particular, of crash tests of welded assemblies. 
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Abstract 

Heat treatment is the most widespread treatment of metal products. The modes of heat treatment are 
developed for most existing metals. However, in the case of processing new types of gradient metals based 
on iron, the typical modes are not suitable. The article describes a method for producing gradient materials 
based on iron with a nonequilibrium structure. The results of experiments on the development of heat treatment 
regimes, as well as studies of micro structures, the dependence of mechanical properties on the species and 
the mode of heat treatment are presented. 

Keywords: Metallic melt, dispersed particles, gradient material, heat treatment, micro structures, mechanical  
   properties 

1. INTRODUCTION 

More and more strict conditions regarding providing them with express properties present to materials with 
development of technology and technologies. Wear resistance, thermal stability, rust resistance, fatigue 
properties, resistance to beam influences, etc. It is possible to allocate among such properties. Micro 
structuring of materials by method of injecting of the ultra dispersible particles demanded on morphology in 
the crystallizing melt [1, 2] is the most perspective direction of creation of materials with a high level of 
properties. It gives the chance to receive heterogeneous gradient dispersible reinforced became with not 
expressed demarcation of layers. Feature of such steels consists that the entered ultra dispersible micro 
particles are built in a crystal lattice of the formed material, increasing quantity of crystallization centers that 
leads to the significant increase in mechanical characteristics, increase in its specific density (due to crushing 
of structure) [3], more fine grain is provided. Properties are also introduced, the characteristic of the entered 
particles to those volumes of material where they settle down. The arrangement of the particles injected in a 
melt in ultra-dispersible can be operated that allows to predict and to set various properties to various volumes 
of the received steel [4]. Development of the mode of a heat treatment of the received materials for the purpose 
of increase in variability of giving of properties and characteristics to the developed class of gradient materials 
is necessary, for this type of a material as in view of a nonequilibrium of structures the existing modes of heat 
treatment are inexpedient to be applied. 

2. CARRYING OUT EXPERIMENTS AND RESEARCH OF EXEMPLARS 

3 preparations of the experimental gradient materials for a research of influence of a type of a heat treatment 
on properties of gradient materials were made. The technology of receiving included fusion of burdening 
materials in an induction furnace and further pouring of the received metal melt on installation of centrifugal 
casting. Heating of steel-pouring of a trench of installation was made to 550-600 ºС before pouring, in order to 
avoid welding in of molten metal to it and, as a result, loss of volume and speed of filling of a metal melt. Giving 
of dispersible particles of TiC was made in the course of pouring on a metal stream by means of a batcher. 3 
mold pieces of gradient materials were made during the experiments: 
1) mold piece without introduction of dispersible particles of TiC (a comparison exemplar); 
2) mold piece with the maintenance of TiC = 1 mass. % of the total portion of metal;  
3) mold piece with the maintenance of TiC = 2 mass. % of the total portion of metal. 
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TiC for modifying of metal had density of 3.21 g / cm3 and dispersion of 1-3 microns.  

Cutting on exemplars of various configurations was made after receiving the gradient strengthened 
preparations, for carrying out various researches and the experimental works. Carrying out different types of 
a heat treatment of exemplars from all preparations was the first stage then the research of their microstructure 
and hardness was carried out. These types of researches were carried out in 3 areas on exemplar section: 
outer edge, central part and inner edge. It is caused by the fact that the structure of this type of preparations 
is uneven when receiving centrifugal and cast preparations in view of various conditions of a crystallization of 
a metal melt [5-7]. The entered dispersible particles of TiC have density below, than at iron-carbon of melts 
(3.21 and 7.8 g / cm3 acc.) and under the influence of Archimedean forces will aspire to an inner edge of mold 
pieces. Received approved samples and the exemplars which underwent a heat treatment were polished for 
a microstructure research then their microstructure was investigated on an optical microscope "Axio Observer 
D1m", the system of the analysis of the image was used by "Thixomet" [8], and then the obtained data were 
confirmed by means of the scanning electron microscope Jeol JSM-6460 LV. In each exemplar the area of 3 
m in size 20 × 20 areas for calculation of quantity of dispersible particles was chosen: outer edge, central 
part and inner edge of preparation. The found particles were allocated by means of the tools which are 
available in system of the analysis and then counted. Dispersible particles were not entered into an approved 
sample therefore their calculation in exemplars from preparation No. 1 was not made. Hardness of exemplars 
was measured similarly in 3 areas of each exemplar then mean value was counted; measurement was 
performed by means of Brinell's hardness gage of TP5014.  

The first type of a heat treatment was the following mode: heating to 780 °C, endurance, sluggish cooling (with 
the furnace) to 500 °C, then - on air (exemplars 1.2 - 3.2). The following sample party was maintained at a 
temperature of 1050 °C then it was cooled in oil (exemplars 1.3-3.3). These exemplars after the researches 
were located in the furnace similarly above to the shown operations, were maintained at a temperature of 225 
°C then were sluggishly cooled (exemplars 1.6-3.6). Results of calculation of quantity of particles and hardness 
of exemplars after this type of a heat treatment are presented in (Table 1). 

Table 1 The results of counting the number of dispersed particles [pcs] and measuring the hardness [HRC] 

Results of calculation of quantity of particles 

Field of 
calculation 

Numbering of exemplars 

1.1 2.1 3.1 1.2 2.2 3.2 1.3 2.3 3.3 1.4 2.4 3.4 1.5 2.5 3.5 1.6 2.6 3.6 

Outer edge - 3 12 - 9 17 - 8 10 - 7 3 - 7 11 - 4 3 

Central part - 2 12 - 14 28 - 11 12 - 11 5 - 8 15 - 5 4 

Inner edge - 3 28 - 19 42 - 14 13 - 12 9 - 11 21 - 8 5 

Mean value - 3 17 - 14 29 - 9 12 - 10 6 - 9 16 - 6 4 

Results of measuring the hardness 

Field of 
calculation 

Numbering of exemplars 

1.1 2.1 3.1 1.2 2.2 3.2 1.3 2.3 3.3 1.4 2.4 3.4 1.5 2.5 3.5 1.6 2.6 3.6 

Outer edge 66 56 61 34 26 36 58 50 51 22 25 22 55 53 47 45 44 42 

Central part 66 57 59 38 30 28 53 56 52 30 23 26 54 56 49 50 48 46 

Inner edge 66 67 61 37 35 29 50 60 57 30 28 27 53 53 50 53 48 47 

Mean value 66 60 60 36 30 31 54 55 53 29 25 25 54 54 49 49 47 45 

The obtained data were processed, and for the sake of clarity the diagrams of the change in the number of 
particles and hardness were compiled, depending on the type of heat treatment (Figure 1). 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

615 

 
Figure 1 Charts of dependence of quantity of particles and hardness of exemplars of gradient materials from 

a type of a heat treatment 

3. CONCLUSION 

The carried-out heat treatments on various modes allow drawing the following conclusions when comparing 
results of researches with an approved sample: 

 the heat treatment on the "heating to 780 °C, endurance, sluggish cooling (with the furnace) to 500 °C, 
then-on air" mode (exemplars 1.2-3.2) reduces hardness by 48-50 %, at the same time the quantity of 
dispersible particles increases by 2.1-2.2 times;  

 the heat treatment on the modes "heating to 1050 °C, endurance, cooling in oil" (exemplars 1.3-3.3) 
reduces hardness by 10-15 %, at the same time the quantity of dispersible particles does not change 
(+3…5 %); the subsequent annealing at a temperature of 640 °C (exemplars 1.4-3.4) lowers values of 
hardness for 49-53 %, and the quantity of dispersible particles slightly decreases - by 1.1-1.2 times; 

 the heat treatment on the "heating to 1050 °C, endurance, cooling on air" mode (exemplars 1.5-3.5) 
reduces hardness by 12-16 %, at the same time the quantity of dispersible particles increases a little 
(+2…3 %); the subsequent annealing of these exemplars at a temperature of 225 °C (exemplars 1.6-
3.6) reduces hardness on average by 9-11 %, the quantity of particles at the same time remains 
decreases by 2.4-2.6 times. 

Falling of hardness is bound in all cases to a metal recrystallization, removal of internal stresses in structures 
of material, dissolution in a solid solution of injected dispersible particles. The structure of gradient materials 
becomes more uniform when carrying out a heat treatment the structure of gradient materials becomes more 
uniform, and particles drop out in a secondary phase (increase in their quantity) reduces degree of their 
liquation in volume of metal, providing thereby evenly strengthened structure. The analysis of change of 
quantity and morphology of particles showed that the hardening mechanism as a result of a heat treatment 
changes: the dispersible strengthened material becomes dispersion strengthened, or the mixed type (at 
inexact dissolution in a solid solution and partial secondary loss).  
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On the received result it is possible to draw a conclusion that optimum the mode for processing of gradient 
material of TiC containing dispersible particles in the structure in number of 1 or 2 %, is the "temperature of 
endurance is 1050 °C, cooling on air" mode, and if necessary spending vacation of these exemplars is possible 
at a temperature of 225 °C.  
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FORGINGS BY SELECTION OF THERMOMECHANICAL PROCESSING CONDITIONS  
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Abstract 

The presented study is focused on elaboration of the processing conditions of forging and controlled cooling 
for medium-carbon steel alloyed with micro additions, so as to meet the requirements of special civil 
engineering applications. Based on assumption of utilization of the heat attained in the forged part after hot 
deformation, austempering cycles were investigated so as to meet the microstructure-property combination 
required by special application. Laboratory tests of thermomechanical processing conditions were designed 
for different model heats of microalloy steel, were subject to semi-industrial verification in real process of 
forging. The laboratory investigation was based on the numerical analysis of evolution of strain and 
temperature in the forging process of the selected part, which provided data for theoretical prediction of the 
processing conditions. Wide range of microstructure-property combination achieved under different processing 
conditions, produced strength properties ranging from 620 to 1340 MPa and elongation-at-fracture up to 22 
%. One of them, which was found the most proper for the application, was further used for definition of 
processing conditions of semi-industrial verification in the thermomechanical processing of a complex shape 
forged part. Thus, in addition to dependence of the material response on austempering conditions, 
transferability and reproducibility of laboratory tests' results into industrial conditions was studied. 

Keywords: Forging, thermomechanical processing, controlled cooling, martempering, grain refinement 

1. INTRODUCTION 

Increasing requirements for safety indices, as well as regulations tending to reduction of energy consumption 
bring about technical development of manufacturing processes and emerging of new generations of steels [1]. 
Although number of advanced high-strength steels groups are developed [2, 3], medium or low carbon 
microalloy steels are still in favor, where the high strength offered by quenched-tempered steels are in excess 
of the required end-use requirements. To fit the material for the operational needs, microalloy ferrite-pearlitic 
appear sufficient to meet load bearing requirements and performance. Synergic conjunction of chemical 
composition and processing conditions allow wide possibilities of controlling the final microstructure and 
mechanical properties.  

Taking advantage of versatility of structural composition and selection of material-process parameters, 
controlled processing has been implemented to forging practice and lots of scientific work can be found 
devoted to thermomechanical controlled processing of microalloy steel forged parts [4, 5]. However, there are 
still many aspects of controllability of uniformity and transfer of the result into industrial process. The aim of 
this work is to cope with this problem by means physical simulation of theoretically described and 
experimentally tested - controlled cooling schedules. In other words, both determination of effect of processing 
conditions on microstructure and properties and successful implementation of the selected cycles into hammer 
forging process is addressed, with special care for meeting similarity criteria of forging conditions, cooling rate. 
Conjunction of the physical model, including simulation in a full-scale model of cooling and reliable model of 
forged part, and the knowledge of the action of strengthening mechanisms offered by the microalloy elements, 
available in the analysed steel under defined austempering or martempering conditions, enable 
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comprehensible analysis of the results of thermomechanical processing. Application of full-scale physical 
modelling, makes semi-industrial physical simulation subsidiary and gives the results more utilitarian aspect. 

2. MATERIALS AND METHODS 

The goal of the study is design and semi-industrial verification of thermomechanical processing schedules, which 
involved hot forging and the subsequent cooling realized directly after forging in continuous manner through four 
sections of the laboratory cooling simulator of the industrial line (Figure 1). The processing schedule is comprised 
of two-stage hot forging and subsequent controlled cooling directly after deformation, maintaining the dwell times 
and intermediate intervals corresponding to an industrial process of die forging. The forging billet in the form of 
hot rolled bar was induction heated up to 1190 ºC with 180s soaking. Hot forging process involved two-stage 
flattening of a rectangular bar with unit reductions on height ε1 = 40% followed by ε2 = 50 %, which simulates the 
industrial sequence of forging, to fulfil strain and strain-rate similarity criteria.  

With intent of utilization of heat attained in the forged piece, the cooling methods were designed to reduce the 
consumption of cooling media and get rid of the conventional quenching installations. The forged samples were 
conveyed through the cooling line zones facilitated with atomized mist, spray or water nozzles in conjunction with 
accelerated air of regulated speed. The cooling schedules were designed so as to simulate different course of 
cooling curved, representing three variants of anisothermal cooling.  

With assumption of two methods of cooling - accelerated air produced with vents, and the high dispersion air-
atomized spray with provision of water pressure 1.5 bar, aided with the air accelerated to 15 m / s, and two forge 
temperatures - three processing cycles were designed: 1) continuous cooling with accelerated air, 2 and  
3 - discontinuous cooling with interval for isothermal holds, differing in deformation temperature and temperature 
of the isothermal stop. The controllable isothermal hold was realized by switching off the atomizers, and it was 
designed to provide conditions for isothermal transformation kinetics with simultaneous stress relieving. To fulfil 
the production yield controlled by travel speed, isothermal stop required faster conveying speed and faster 
reaching the isothermal temperature. The process parameters of the applied cooling schedules are conditioned 
by construction and functionality of the cooling line, as it represents the industrial process restrictions. For 
example, besides, time and temperature of isothermal hold is multiple period of passing the zone between cooling 
nozzles. Thus, three different combinations were made up, which could be readily copied into industrial line for 
implementation, if they turned out proper for final properties, as listed in Table 1. As it can be seen, the same 
cooling rate, difference in run-out table conditions resulted in varied level of the hold. 

a) b) 

 

Figure 1 Scheme of the semi-industrial cooling simulator (a), and geometry of specimens: b) geometry of 
the sample used for industrial verification 
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Table 1 Parameters of the TMP schedules applied in the experiment 

TMP 
schedule 

Cooling 
medium 

Forging 1 end 
temp. T1 

Forging 2 end 
temp. T2 

Isothermal 
hold temp. T3, 

°C 
Isothermal 

hold time   t3,  
Conveyor 

speed 

Cycle 1 Accelerated 
air, 45 m / s 

1180 - 
1190 °C 

980 - 1020 °C - - 0.4 m / min 

Cycle 2 Air 15 m / s + 
atomized 

spray 

1060 -                                                                                                                             
1100 °C 

520-670 240 s 0.5 m / min 

Cycle 3 240-355 240 s 0.5 m / min 

Three microalloy steel compositions were used (Table 2), representing low- and medium-carbon standard grades 
with moderate content of microadditions of V+Ti(+Nb), with reduced amount of alloying elements, e.g. Mn or C 
- designed with an intent of simulating grades featured by good ductility and high-strength, respectively. The 
experimental alloys are meant to represent cost-effective model of commercial grades such as ferritic-pearlitic 
steels 38MnSiVS5 or plain C38, C45 (steels A and B) or designed for fan cooling low-carbon C-Mn steels (steel 
C). Dilatometer analysis in combination with mathematical modelling in TT-Steel software, enabled construction 
of CTT diagrams, which were used for interpretation of the kinetics of austenite transformation on cooling. 

Table 2 Chemical composition of the experimental heats of microalloyed steel 

Content %C %Mn %Cr %Si %Mo %Ti %V %Nb %N Ac1,°C Ac3,°C 

Steel A 0.30 1.50 0.42 0.26 0.00 0.011 0.090 0.039 0.011 809 728 

Steel B 0.28 1.24 0.42 0.27 0.20 0.019 0.067 0.047 0.010 784.9 727 

Steel C 0.097 4.85 0.42 0.34 0.01 0.009 0.000 0.000 0.071 721 854 

3. RESULTS 

3.1. Physical modelling of CTMP 

The first part of the study involved processing of the model-alloy heats under fully controlled laboratory 
conditions. Superposition of the measured temperature plots with calculated CTT diagrams (Figure 3), allow 
prediction of the transformation kinetics and indicate the expected products of austenite decomposition. 

a) b) c) 

Figure 2 Experimental temperature plots recorded for: a) cycle 1, b-c) cycles 2 and 3, respectively, on 
the background of CTT diagram of Steel 3 

Semi-industrial verification of the designed TMP cycles was realized in forge plant, employing laboratory 
cooling line adapted to industrial forging line. Selected processing cycles were transferred to industrial 
conditions for verification on bulk geometry of a real forged part. Progressive succession of cooling zones is 
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reflected in the plots by temperature peaks measured by pyrometers, with online correction of emissivity, 
attaining reliable indication irrespective of measured temperature [6]. The plots of the recorded temperature 
changes in time are shown in Figure 3. In Figure 3a) industrial realization of cycle 1 is shown, and in 
Figure 3b) result of austempering trial is shown. Going along with the idea of cost-saving and assumption of 
optimizing the redundant strength, no effort of martempering (Cycle 3) was undertaken. 

a) b) 

 

Figure 3 Cooling curves plotted by surface temperature in semi-industrial modeling: a) cycle 1, b) cycle 2 

3.2. Mechanical properties and microstructure 

Applying presented TMP conditions into drop forging allowed obtain satisfactory properties produced by the 
multiple-phase microstructures. The cooling rate lower than that of immersion in water, insufficient to omit the 
diffusion driven transformations resulted in ferrite-pearlite or acicular ferrite microstructure. Isothermal interval 
on cooling allowed for control of structural components, dependent on the temperature of the isothermal hold, 
which resulted from forging regime. Thus, forging regime had a double effect on the cooling conditions: firstly, 
isothermal threshold occurs at adequately higher temperature, and secondly, coarser recrystallized grain was 
produced, which can be observed comparing 2nd (forged at 1000 °C) and 3rd row (1100 °C) in Figure 4. It 
has a straight connection with mechanical properties (Table 3). The samples processed at lower forging 
temperature exhibit higher strength, in addition to apparent refinement of grain and pearlite colonies (Figure 
4 e, f and h, i) which is bound to improve toughness [7]. Lower hardenability of steel B, resulted in formation 
of bainite with acicular ferrite, producing combination of good strength and ductility. Air-cooling of medium-
carbon samples brought about ferrite microstructure with about 8-13 % of pearlite. Due to lower forging 
temperature, the ferrite as well as pearlite colonies inherited smaller size than those produced by cooling from 
1100 °C, and in the low-carbon alloy, steel C, it obtained the best combination of strength and ductility, meeting 
requirements towards automotive parts made of BY-treated microalloy steels [6]. In this respect, experimental 
grades A and B attained higher strength reaching level comparable to hardenability grades, grade AISI 4340, 
or MS steels, used for crankshafts [8], but contrary to steel C, indicated shortage in elongation, which hardly 
exceeded 10 %. In evaluation of elongation achieved by steel A or B one must consider the fact that no 
additional tempering was carried out, while the samples weighing 0.6 kg were not large enough for 
martempering [9], contrary to what is expected in real applications. Strength properties of steel C can be readily 
improved by using higher carbon or by decreasing forge-end temperature, maintaining cost-effective 
processing cycle. It needs to be said that the considerations are based on semi-industrial conditions imposing 
technical difficulties with implementation of theoretical design, and the limitations resultant from use of 
employing conveyor-based cooling line. These limitations have little impact on microstructure of the forgings. 
As shown in Figure 5, the ferrite grain in coarser and more inhomogeneous than that obtained in laboratory 
conditions. The cooling cycle was adapted to ongoing industrial process with no interference into the forging 
regime. What is more, the final mechanical properties meet the requirements of corresponding standard grades 
- 38MnSiSV (Steel 1 or 2) or S355J0 (Steel 3) 
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Figure 4 Microstructure of forged and direct-cooled laboratory samples: a) - c) steel A, d)-f) steel B,  
g)-i) steel C, for treatments: a),d),g) - cycle 1, b),e),h) - cycle 2, and c),f),i) - cycle 3; etched in 5 % nital 

Table 3 Mechanical properties obtained in the laboratory tests and semi-industrial verification of CTMP  

Steel 
grade 

Forge-end 
temperature TMP cycle TYS, MPa UTS, MPa Elongation 

A10, % 
Reduction       

% 
V-notch W, 

J / cm2 

Laboratory tests 

Steel A 

1000 ºC 1 683 922 10.0 44 26 

1000 ºC 2 715 966 9.9 65 28 

1100 ºC 3 663 1306 8.8 14 23 

Steel B 

1000 ºC 1 609 1001 10.5 28 18 

1000 ºC 2 1276 1442 5.7 46 21 

1100 ºC 3 757 1012 11.0 57 28 

Steel C 

1000 ºC 1 552 744 15.2 63 114 

1000 ºC 2 419 750 17.1 58 40 

1100 ºC 3 382 670 19.9 56 60 

Semi-industrial verification 

Steel A 1060 ºC 2 509 807 18.9 54 n.d. 

Steel B 1100 ºC 2 556 778 15.4 65 n.d. 

Steel C 1080 ºC 2 532 810 16.1 58 n.d. 
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Figure 5 Microstructure in the core of the forged part from Figure 1b obtained for: a) steel A, b) steel B,  
c) steel C, after austempering (cycle 2) in semi-industrial conditions; etched in 5 % nital 

4. CONCLUSIONS 

Semi-industrial tests allow formulation of technical consideration for successful implementation of theoretically 
established and numerically investigated technological design. 

Utilization of heat attained in forged parts for controlled TMP with use of accelerated air or atomized spray 
cooling directly after deformation enables versatile formation of multiple-phase microstructure, offering wide 
range of strength and ductility.  

Proper design and manipulation with the hot forging and direct cooling conditions allow for significant 
modifications in fraction of structural components and resultant mechanical properties, within narrow and 
sustainable chemical composition of microalloy steel. In result, sparing alloying elements it is possible to form 
tailor properties for special applications in a cost-effective cycles of austempering or martempering. 
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Abstract 

Dynamic yield stress values predicted within the structural-temporal approach based on the incubation time 
concept and those found from the popular empirical Johnson-Cook and Cowper-Symonds formulas and its 
known modification are compared with the examples of high strength steels and nickel alloy subjected to high-
rate plastic deformation. It is shown that the structural-temporal approach is an efficient and convenient tool 
for calculations in a much wider range of deformation rates. An advantage of the yield stress calculations 
based on the incubation time criterion is the minimal number of parameters, which do not require further 
modifications at high strain rates, in contrast to the empirical Johnson-Cook model and Cowper-Symonds 
formulas. Experimental curves of the static and dynamic deformation (stress-strain curves) for two high 
strength steels are analyzed on the basis of the relaxation model of plasticity with a constant characteristic 
relaxation time definable from the structural-temporal approach. It is shown that the relaxation model predicts 
an existence of the yield drop phenomenon during high-rate deformation for advanced high strength steel and 
an absence of this effect in a wide range of strain rates for high strength 2.3Ni-1.3Cr steel. 

Keywords: Steel, plasticity, strain rate effect, dynamic yielding, relaxation plasticity model 

1. INTRODUCTION 

Numerous experiments on metallic nanowhiskers [1, 2, 3], steels [4, 5], nanocrystalline nickel [6] and 
polycrystalline metals [7] reveal a dependence of the dynamic yield stress on strain rate. In the case of dynamic 
deformation, caused for example by the shock wave propagation through material, the inertness of plastic 
relaxation [8,9] reveals itself as a substantial excess of the acting stress of the static yield strength. Strain rate 
dependent dynamic yield strength is often introduced in order to expand the yielding criterions onto the 
dynamic loading conditions. This approach turns out to be not very effective and fruitful, because the dynamic 
yield strength is not a material constant and requires to be represented by the corresponding material function, 
which in turns is remarkable by its essential instability. 

The yield stress of metals subjected to high-rate mechanical treatment is a generally determined in terms of 
the classical numerical empirical Johnson-Cook [10, 11], Zerilli-Armstrong [12], Steinberg-Cohran-Guinan-
Lands [13], Preston-Tonks-Wallace [14] models. The absence of a universal approach for estimating the 
unstable behaviour of the yield stress leads to an increase in the number of model parameters. In particular, 
the addition of new empirical parameters to the modified Johnson-Cook model [15] made it possible to expand 
the range of strain rates to higher values (above 10-3s-1), at which the classical Johnson-Cook model [10, 11] 
cannot be used to determine the yield stress at the beginning of plastic deformation. 

In this study, we propose to utilize a new phenomenological model for a wide range of strain rates. This model, 
based on the incubation time concept [16, 17], provides good correspondence with experimental data in the 
range of external impacts where the Johnson-Cook model is valid. One of the main results of our study is a 
comparison of the characteristics of the incubation time criterion and the Johnson-Cook empirical approach in 
the classical and modified statements for determining the dynamic yield stress at the start of plastic 
deformation. 
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Considered incubation time approach allows one to predict a phenomena of “higher than normal stress at small 
deformation” and subsequent relaxation process of whiskers deformation. The main idea of the incubation time 
concept consists in the consideration of the shear stress relaxation as a temporal process related with the 
defects motion. The relaxation itself can be realized by various physical mechanisms depending on the 
particular material. Within the frames of the incubation time approach we do not describe the relaxation 
mechanism explicitly, but do only state that it can be represented by some characteristic time period. The 
corresponding relaxation model of plasticity has three parameters; the first two of parameters are the static 
yield strength and the shear modulus known for most of materials, the third one is the relaxation time of the 
plastic deformation, which should experimentally or numerically evaluated. Using these parameters, one can 
predict various theoretical stress-strain curves of metals [18,19]. The temporal parameter can be regarded as 
a material constant depending only on the state of the defect substructure of material. 

2. STRUCTURAL-TEMPORAL APPROACH 

Let us consider the behaviour of the yield strength at the initial instant of plastic deformation within the 
structural-temporal approach based on the incubation time concept [16,17]: 

,1)( tInt p  где dsstInt
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Here, Σ(t)  is a function describing the time dependence of stress,   is the incubation time, y  is the static 

yield stress,   is a coefficient of amplitude sensitivity of the material. Note that the onset of macroscopic yield 

*t  is determined from the condition of equality (1). The introduced time parameter  , independent of the 
specific features of deformation and sample geometry, makes it possible to predict the behaviour of the yield 
strength of material under static and dynamic loads [16]. It was shown in [18,19] that the incubation time can 
be related to different physical mechanism of plastic deformation. Let us assume the linear elastic deformation 
law )(  )( ttHEt  , where E  is the Young’s modulus and   is the constant strain rate under load, H(t) is 
the Heaviside function. Having written the left-hand side of (1) under the condition that the yield starts at time 

*t , one can express the dynamic yield stress )()( *td    in terms of the strain rate of material: 
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Thus, the set of parameters   ,,y  describes the behaviour of material independent of the plasticity model 

and the way of impact. 

3. JOHNSON-COOK MODEL AND COWPER-SYMONS MODELS 

The modified Johnson-Cook [15] without thermal component at the initial instant of plastic deformation can be 
written as 
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where A , C , n  are the constant parameters of the Johnson-Cook classical model [10,11],   is strain rate,  
( -1

1 s 1000  по [15]; 1
0 s 1   в [10,11]), D and k are the constant parameters of modified model [15]. A 
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correspondence between parameters of the modified Johnson model and the incubation time model was 
established in [21]: 
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The Cowper-Symonds model [21] is similar to (3) and is given in following form: 
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where B and q are empirical constants Cowper-Symonds model [22]. 

    

Figure 1 Dependences of the yield stress on the strain rate for: (a) B500A steel [22] (curve 1: classical 
Johnson-Cook, curve 2: structural-temporal approach, curve 3: Cowper-Symonds model); (b) nickel alloy [23] 

curve1: classical Johnson-Cook, curve 2: structural-temporal approach, curve 3: Cowper-Symonds model 

Figure 1 shows a possibility of prediction of the behaviour of the yield stress in wide range of strain rates using 
models (2), (3), (5) for B500A steel [23] and nickel alloy [24]. Models (2), (5) and Cowper-Symonds model [22] 
provide good correspondence with the experimental data (both static and dynamic). As is shown in Figure 1, 
the classic Johnson-Cook model satisfactorily evaluates the yield stress only up to strain rates of the order of 

13 s10  . 

4. RELAXATION MODEL OF PLASTICITY 

In the present paper we propose a primary version of the relaxation model for the case of a linear increase of 
the strain with time starting from the zero moment 0t . Let us introduce a dimensionless relaxation function 

1)(0  t , defined as follows [18,19]: 
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Condition 1)( t  in Eq. (6) relates with the elastic deformation accumulation before the starting time *t .of the 

macroscopic plastic flow. Gradual decrease of the relaxation function in the range 1)(0  t  corresponds to 

the material transition into the plastic stage of deformation. During the plastic stage of deformation *tt  , the 

relaxation function satisfies the condition for )(t : 

.1)()( ttInt p                                                                                                                                          (7) 

Equality (6) is retained for account of fixing the state at the moment of yield and subsequent relaxation of 
elastic stress ( 1)(0  t ). Let us define the actual stress )(t  in a deformed specimen by the following form: 

),()()( ttEt    where )()( 1 tEtE    is a coefficient, related with behaviour of stress;   is a scalar 

parameter ( 10   ), describing a degree of hardening of material. The case 0  corresponds to the plastic 
deformation without hardening. Considering the stages of elastic and plastic deformations separately, we can 
obtain the following stress-strain relation: 
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Figure 2 Experimental and theoretical stress-strain diagrams for (a) advanced high strength steel [24]; (b) 
high strength 2.3Ni-1.3Cr steel 

Figure 2(a) presents the simulation of the yield drop phenomena with the subsequent deformation hardening 
according to the model (6)-(8) in the case of deformation of steel specimens ( MPa 310y , 1 ). The 

points correspond to the experimental data given in [25]. In this material, the yield drop phenomena is already 
not observed at quasi-static strain rates 1-s 05.0   (lower solid curve), but is clearly observed in the case of 

dynamic deformation at the rates 1-s 1000   (upper solid curve). The points correspond to the recently obtained 
experimental data [25]. It is remarkable that in this case the obtained value of relaxation time scale is already 
equal only to 14 microseconds that are still too many. Stress-strain curves of high strength  
2.3Ni-1.3Cr steel [26] ( MPa 610y , 20 , μs 76.0 ) illustrates in Figure 2(b). Absence of the yield 

drop phenomena for steel [26] is predicted by relaxation model of plasticity (6)-(8). In general case, the plastic 
deformation of metals is divisible into two types of stress dependence in sample on deformation: a regular 
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transition to the stage of plastic deformation and a sharp transition. In Figure 2 we deal with two types of 
diagrams. Thus, the relaxation model of plasticity, opposite, is able to describe various types the deformation 
curve for one material a wide range of strain rates. 

5. CONCLUSION 

Characteristic time of plastic relaxation being considered as a material constant is a principal parameter of the 
integral yield criterion that predicts the dynamic behaviour of the yield strength in a wide range of strain rates. 
This approach can describe the complicated behaviour of plastic deformation curve, including the yield drop 
phenomenon. 

An essential advantage of the yield stress calculations based on the incubation time concept is the minimal 
number of parameters, which do not require further modifications at high strain rates in contrast to the empirical 
Johnson-Cook model. Thus, the relaxation model represented here can be characterized as very convenient 
for further numerical implementations. 

It is shown that the relaxation model predicts an existence of the yield drop effect during high-rate deformation 
of advanced high strength steel and an absence of such effect in a wide range of strain rates for high strength 
2.3Ni-1.3Cr steel. 
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Abstract 

The key characteristic of austenitic Hadfield steel is high resistance to the abrasion wear. Different applications 
mean various operating conditions and different types of abrasive wear. 

This paper compares the two abrasive resistance testing methods on rolled sheets of manganese (Hadfield) 
steel. As the base for samples selection were chosen the sheets of standard production. For the comparison 
of abrasive resistance was used test in shot blasting machine and impact test on laboratory equipment 
developed at University of West Bohemia. The aim was to verify if new method (Impact test) can be used for 
abrasion wear resistance testing. The Shot Blast Test compares the weight loss of the tested material, while 
the Impact Test evaluates the magnitude of the repeat imprint of the test indenter.  

The Sample A reached the best wear resistance results in the both testing methods. The Impact Test method 
is a simpler and cheaper alternative to the blast test in terms of determining the expected resistance to abrasive 
wear. 

Keywords: Hadfield steel (X120Mn12, ASTM 128), wear resistance, shot blasting, impact test 

1. INTRODUCTION  

The key characteristic of Hadfield steel is its high resistance to abrasive wear. Due to these features, is 
particularly applicable in mining and construction industry, agriculture and in shot blasting machines 
construction. This paper describes abrasion wear tests which compare and evaluate erosion wear resistance. 
All major manufacturers of manganese steel provide basic steel characteristics such as chemical composition, 
mechanical properties, hardness, but no manufacturer provides any nor typical resistance value to abrasive 
wear. The aim is to define available and repeatable testing method which gives comparable results.  

1.1. Types of abrasive wear 

Wear by abrasion is form of wear caused by contact between a particle and solid material. Abrasive wear is 
the loss of material by the passage of hard particles over a surface. Abrasion is rapid and severe form of wear 
and can result in significant costs if not adequately controlled. Abrasive wear occurs whenever a solid object 
is loaded against particles of a material that have equal or greater hardness [1, 4]. 

Abrasive wear is typically categorized by the contact environment and the type of contact. The contact type 
defines the abrasive wear mode. In general, there are several types of abrasive wear namely: 
 Two-body abrasive wear - This type takes place when hard particles or grit eliminate material from the 

opposing surface.  
 Three-body wear - This occurs when the particles are unconstrained and can slide down and roll on a 

surface.  
 Erosive wear - Progressive loss of original material from a solid surface due to mechanical interaction 

between that surface and fluid, multi-component fluid or impinging liquid or solid particles. 
 Impact wear - Wear due to collisions between two solid bodies where some component of the motion is 

perpendicular to the tangential plane of contact. 
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Figure 1 Basic types of abrasive wear [2] 

Another aspect of abrasive wear categorization is high-stress and low-stress loading. [1, 3, 4. 

1.2. Abrasive wear tests on steel 

In general, there are two ways for wear resistance testing. It is test in laboratory conditions and field test in 
operation conditions. Field wear testing, while being more time-consuming, has the advantage that the 
materials are exposed to the actual environmental conditions and abrasives responsible for the wear loss. The 
most common laboratory abrasive wear tests - pin-on-drum, dry-sand rubber-wheel, jaw crusher, and impeller-
in-drum (see Figure 1) [2]. 

ASTM G65-94, Standard test method for measuring abrasion using the dry sand rubber wheel apparatus 

ASTM G81-89, Standard practice for jaw crusher gouging abrasion test, 

ASTM G132-96(2013) Standard Test Method for Pin Abrasion Testing 

ASTM G99-17 Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus 

ASTM G105-16 Standard Test Method for Conducting Wet Sand/Rubber Wheel Abrasion Tests 

All the tests mentioned above are relating to the 2-body or 3-body abrasive wear. Our aim is to define such 
test which could simulate erosion abrasion caused by abrasive grits. We decided to compare two tests that 
most simulate the blasting conditions (see Figure 2) [3, 5]. 

 
Figure 2 Abrasive - Erosion / Impact wear, shot blasting principle [5] 

2. EXPERIMENTAL PROCEDURES 

Both of our tests are not standardized abrasive resistance tests. The first test was conducted at Wheelabrator 
test laboratories in Schaffhausen, the second test was conducted on Department of Material Science and 
Techology at University of West Bohemia in Pilsen. 
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2.1. Samples 

Four different samples of Hadfield steel (X120Mn12 acc. to DIN 1.301) were collected from 12 mm thick rolled 
sheets for the tests. The samples were selected from metal sheets commonly available on the market but from 
different manufacturers. Specimens of size 30x30 mm were prepared. Chemical composition is in Table 1. 

Table 1 The chemical composition of Hadfield steel according to DIN X120Mn12 (1.3401) 

Element C Si Mn Cr P S 

Range   [%] 1.1 - 1.3 0.3 – 0.5 12 - 13 max. 0.5 max. 0.1 max. 0.04 

2.2. Testing methods 

Both testing methods were chosen due to their best simulation of operational stress. The first test method is 
Shot Blasting in the blasting machine, which logically directly corresponds to the operational loading. Second 
test method is loading at one point with cycling period (Impact test). The aim is to compare abrasion wear 
resistance results of the same samples on different testing equipment. 

2.2.1. Shot blasting test 

This method is based on the wear which is caused by blasting beam of abrasive particles shot on the sample 
surface. For this test is used wheel shot blasting machine. The weight loss in g/h of the tested samples is 
evaluated.  

Testing Equipment: 

Blast machine with blasting wheel type: WHEELABRATOR U70 x 500  

Samples holder (fixture) 

Test set up: 

Blasting parameters: 606 kg / min at 2300 rpm with cut wire 0.8 mm 640HV (the average size is 0.7 mm) - see 
Figure 3. 

 
Figure 3 Shot blasting principle 5 

Note: abrasive size is controlled by separator airflow and checked by sieve analysis. 

The samples are placed into the fixture and placed in the blast chamber in the outrunning blast stream whereas 
the blast stream is of axis to the test fixture. See Figures 1 and 2. As the fixture is turning around the center, 
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every sample is blasted the same way. Every 4 hours the machine will be stopped and the weight of the 
samples will be measured.  

2.2.2. Impact force cycling loading test 

An Impact Test instrument developed at KMM UWB was used for testing. This device works on the Prince of 
Brinell Hardness Cycle Repeat Test. The loading force was 800 daN (dynamic force). The stroke frequency 
was 10 Hz. A carbide ball was used with the dynamic effect of the indented indentor (see Figure 4).   

Two types of craters were created for 10.000 strokes and 100.000 strokes in one row. At first, 2 craters were 
created as a result of 10000 strokes. In another independent test, 2 craters of 100.000 strokes were created. 
To confirm the results, an independent test was then created, in which one crater was created 100.000 strokes.  

The samples were first finely ground-metallographically abraded to remove the oxide layer. Further, the 
samples were cleaned with ethanol and attached to the measuring table by means of a second adhesive. At 
the start of the test, the Kistler measuring probe was calibrated.  

 
Figure 4 Load principles for impact test 

Table 2 Comparison of wear resistance results 

 Hardness HB Diff in % Shot Blast 
Test (g / h) 

Diff in % Impact Test 
Cycle II (µm) 

Diff. in % 

Sample A 233 100 0.215 100 728.5 100 

Sample B 240 103 0.275 128 801  110 

Sample C 196 84 0.260 121 858 118 

Sample D 234 100 0.240 112 838.5 115 

3. RESULTS AND DISCUSION 

3.1. Brinell hardness 

Hardness was measured by Brinell Hardness (HB 5 / 500 / 10), the results are in Table 2. Sample C shows 
the lowest hardness value, less in 20% than the other samples. 
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3.2. Shot blast test 

All results are summarized in Figures 5 and 6. 

 
Figure 5 Results of blasting test - weight loss 

3.3. Impact test 

  
Figure 6 Imprinted diameter of crater after Impact test 

4. CONCLUSION 

The results of both tests have shown that there is no clear direct link between wear resistance and material 
hardness when comparing samples of the same material of similar hardness. For Sample C, the hardness was 
by 20 % lower than the other three specimens. Abrasion resistance of Sample C was not the worst, resp. 
significantly lower than the other samples. Conversely, Sample B with the highest measured hardness had the 
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worse result at the Shot Blast test and comparable to the others in the Impact Test. The Sample A indicated 
the best results of wear resistance in both methods.  

This shows that hardness measurement alone cannot predict wear resistance in operation life with sufficient 
precision. This also confirms that the wear resistance of Hadfield steel is not directly proportional to hardness. 
Wear resistance more depends on other factors. If the laboratory conditions of both tests are the same for all 
four samples, then material defects (e.g., grain boundary carbides, micro-cleanness, inclusions, etc.) have a 
significant impact on wear resistance. 

However, the main objective was to verify whether the newly designed Impact Test method could replace the 
Shot Blast Test. The Shot Blast Test compares the weight loss of the tested material, while the Impact Test 
evaluates the magnitude of the repeat imprint of the test indenter. Both methods differ mainly in the size of the 
load and the subsequent affected area of the test specimen. The fact that a very small area is impacted on the 
Impact Test is also a disadvantage because it is a limitation for greater accuracy of the test. The Sample A 
reached the best wear resistance results in the both testing methods. The Impact Test method is a simpler 
and cheaper alternative to the blast test in terms of determining the expected resistance to abrasive wear. The 
additional tests in the lab will examine why sample A has achieved the best results. 

For further comparison of both test methods, it would be desirable to incorporate other abrasion-resistant 
materials such as hardened tool steel or white chrome cast iron. 
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Abstract 

In the present study, direct-quenched steel with and without tempering at 600 °C has been studied in order to 
evaluate the possibilities of widening the range of strengths that can be produced from a single base 
composition. Microstructural studies of direct-quenched (DQ) and direct-quenched and tempered (DQT) steels 
showed that, in both cases, the microstructure consisted of mainly bainite formed from highly pancaked prior 
austenite grains, the main difference being a larger carbide size in the tempered condition. The results show 
that steels with minimum specified yield stresses of 900 and 960 MPa with good impact toughness and 
bendability properties can be produced from a single composition by employing respectively DQ and DQT 
processing. After tempering impact toughness and bendability was even better. 

Keywords: Bainite, bendability, direct quenching, ductility, tempering 

1. INTRODUCTION 

Ultrahigh-strength strip steels, using low levels of carbon and other alloying elements, produced by 
thermomechanical controlled processing and direct quenching (TM-DQ) without tempering have become 
interesting materials for structural applications, since they cost effectively exhibit a good combination of 
mechanical properties, weldability [1, 2] and bendability [3]. However, tempering has been investigated to 
evaluate the possibilities of widening the range of strengths that can be produced from a single composition 
and tempering has been shown that this produces high strength combined with high toughness and good 
processing behavior [4]. 

In TMCP, austenite conditioning is an important processing stage affecting both strength and toughness [5]. 
Previous studies [6-9] have shown that an increase in total reduction (Rtot) in the non-recrystallization regime 
of austenite in conjunction with a decrease in finish rolling temperature (FRT) produces a mixture of ferritic and 
granular bainitic microstructures near the strip surface together with a strong crystallographic texture. It is also 
well known that niobium and molybdenum increase the recrystallization temperature thereby enhancing the 
pancaking of austenite obtained at low FRTs.  

Hannula et al. [10] have reported that additions of molybdenum and niobium increase the strength values 
significantly during tempering due to precipitation hardening. Molybdenum reduces the activity of carbon and 
nitrogen leading to less precipitation in austenite and a greater amount of solute niobium and molybdenum to 
form precipitates in ferrite during tempering. Similarly, vanadium has been shown to retard softening during 
tempering [11] and the yield strength of a V-alloyed steel increased during tempering due to significant 
precipitate strengthening [12]. 

The aim of the present paper is to report the effects of direct quenching with and without subsequent tempering 
on the mechanical, Charpy V and bendability properties of a single composition ultrahigh-strength steel when 
the austenite prior to quenching was highly deformed, i.e. had a high value of Rtot. 
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2. EXPERIMENTAL 

2.1. Investigated materials 

The experimental steel with the composition given in Table 1 was thermomechanically rolled to an 8 mm strip 
thickness (t) with a finish rolling temperature (FRT) of nd thermomechanically rolled to xxeruremnet ~850 °C 
and direct quenched. To evaluate the possibilities of widening the range of strengths that can be produced 
from a single base composition, tempering experiments were performed by placing steel strips into a furnace 
previously heated to 600 °C. After reaching the peak temperature in 75 minutes, a soaking time of 30 minutes 
was applied to complete the heat treatment after which samples were cooled freely in air.  

Table 1 Chemical composition of experimental steel (in wt.%) 

C Mn Si Cr Mo Nb V B Ti Al 

0.1 1.2 0.2 1.0 0.14 0.06 0.012 0.0012 0.023 0.04 

2.2. Microstructural characterization 

The prior austenite grain structure was studied using a laser scanning confocal microscope (LSCM) (VK-X200, 
Keyence Ltd) after picric acid etching [13]. Eq. (1) was used to determine the total rolling reduction below the 
recrystallization temperature (Rtot) [14]. 

푅 = 1 − × 100%          (1) 

LRD and LND are grain boundary mean linear intercept lengths based on intercepts along the rolling direction 
and the strip normal direction. General characterization of the transformation microstructures was performed 
on Nital-etched specimens with a field emission scanning electron microscope (FESEM) (Ultra plus, Zeiss). 
Electron backscatter diffraction (EBSD) measurements (ODF texture) and analysis were performed using 
Oxford-HKL acquisition and analysis software. For the EBSD measurements the FESEM was operated at 15 
kV and the step size was 0.2 m. 

2.3. Mechanical testing 

Microhardness was measured using a Micro-Hardness Tester (CSM) under a 1 N (HV0.1) load with ten 
measurements at eight depths below the surfaces and on the centerline. Macrohardness was measured using 
a Duramin-A300 (Struers) under a 100 N load (HV10) with five measurements at various depths. Tensile tests 
were carried out at room temperature in accordance with the European standard EN 10002 using flat 
specimens (8 x 20 x 120 mm3), cut with their axes both at 0° and 90° to the rolling direction (RD). Charpy V 
impact testing was conducted at -60 °C, using sub-size specimens of 7.5 x 10 x 55 mm3 taken in both the 
longitudinal and transverse directions relative to the RD in accordance with EN ISO 148-1. 

Three-point bending tests were carried out in an Ursviken Optima 100 bending machine to a bending angle of 
90 degrees. Plate specimens, 8 x 300 x 300 mm3, were bent with their axes parallel to both the transverse and 
rolling directions. The die opening width (W) employed was 100 mm and the punch radii (r) ranged from 8 mm 
(r/t 1.0) to 20 mm (r/t 2.5). After bending, the quality of the bent surface was examined visually, as described 
in Ref. [15]. In the evaluation, the formation of a slight nut-shape did not lead to rejection, but if any surface 
waviness or more severe surface defects appeared, the bend test was considered as failed. The minimum 
bending radius was that resulting in a defect-free bend. 
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3. RESULTS AND DISCUSSION 

3.1. Microstructure 

The influence of finish rolling below TNR on the austenite morphology at the quarter-thickness in the DQ material 
is shown in Figure 1a.  

The relatively low FRT gave a relatively large total reduction to the austenite below the recrystallization 
temperature (Rtot), i.e. 69.3 % (LRD and LND were 3.0 (±0.2) m and 32.3 (±3.9) m, respectively). Tempering 
did not affect these parameters. 

The typical microstructures at the centerlines and the subsurface regions down to a depth of 500 μm are given 
in Figure 1. The transformation microstructures at the centerline of the DQ specimen consisted of mixtures of 
upper and granular bainite and a small fraction of auto-tempered martensite (Figure 1b). The tempered 
specimen (Figure 1c) consisted of similar phases as the DQ state the carbide precipitates are coarser. Down 
to ~50 μm from the surface, the specimens consisted of polygonal ferrite interspersed among other carbon-
rich microstructural components. This is also apparent in the microhardness profiles in Figure 2b where the 
hardness 50 μm below the surface is as low as approx. 260HV. In the layer from 50 μm to 400 μm, specimens 
consist of granular and upper bainite (Figure 1e) however a small fraction of ferrite also occurs. The incidence 
of softer microstructures like ferrite and granular bainite formed due to the highly pancaked austenite as 
observed in previous studies [7]. 

 

Figure 1 (a) Prior austenite grain boundaries in DQ material at the quarter-thickness. Typical microstructures 
at the centerline of (b) DQ and (c) DQT and the surface of (e) DQ and (f) DQT after etching with 2 % Nital.  

2 = 45° ODF sections illustrating the (d) centerline and (g) surface texture. (Levels: 1, 2, 3…) 

The crystallographic texture of the DQ material showed strong ~{112}<110 - 131> and ~{554}<225> texture 
components at the centerline (Figure 1d) and minor ~{112}<111> and {110}<111 - 112> components near the 
surface (Figure 1g). Lath and effective grain sizes on the centerline of the DQ material were 1.28 (±0.02) m 
and 1.91 (±0.07) m respectively. Lath sizes are equivalent circle diameters (ECD) for regions bound by low-
angle boundaries, in the range 2.5 - 15 °, while effective grain sizes are ECD values for regions bound by high-
angle boundaries, >15°. These lath and grain sizes were coarser than found previously (lath 0.8-1.0 m and 
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effective grain size 1.1-1.3 m) [6], but this is because the present microstructures contain more granular 
bainite with correspondingly lower hardness at the centerline (Figure 2). Tempering had neither effect on 
crystallographic texture nor effective grain size. 

 
Figure 2 Mean values of (a) a macrohardness and (b) microhardness at various depth below the surface 

3.2. Mechanical properties 

The mechanical and bendability properties of the materials are presented in Table 2 and a few examples of 
bends are shown in Figure 3. The bendability results are grouped such that data for the bend axis parallel to 
transverse direction are located in the columns showing longitudinal tensile properties (and vice versa) since 
both cases lead to principal strains in the same direction. It can be seen that for the longitudinal test direction 
the investigated ultrahigh-strength steels have yield strengths (Rp0.2) of 1084 MPa and 890 MPa (DQ and DQT, 
respectively), and tensile strengths (Rm) of 1110 MPa and 920 MPa, respectively. The total elongation to 
fracture (A5) is slightly higher for the longitudinal specimens in the DQT state, i.e. 14.2 %, as compared to 
11.1 % in the DQ state. For comparison with the hardnesses, Table 3 also includes the mean macrohardness 
of the materials as measured on the RD-ND cross-sections taken from Figure 2a.  

Table 2 Mechanical and bendability properties of investigated materials 

 Longitudinal Transverse 

 DQ DQT DQ DQ-T 

Yield strength (Rp0.2, MPa) 1084 890 1032 932 

Tensile strength (Rm, MPa) 1110 920 1101 956 

Total elongation (A5, %) 11.1 14.2 9.3 12.9 

Uniform elongation (Ag, %) 1.5 4.9 1.5 4.6 

Through-thickness mean HV10 351 277 351 277 

Impact toughness at -60 °C (J/cm2) 64.2 105.0 74.6 78.3 

Minimum bending radius [mm, (r/t)] 15 (1.9) 8 (1.0) 20 (2.5) 12 (1.5) 

 bend axis perpendicular to RD1 bend axis parallel to RD1 

1 Bending with the bend axis perpendicular to the RD induces principle strains in the longitudinal direction and vice versa.  

Impact toughness at -60 °C was 64 J/cm2 for longitudinal specimens and 74 J/cm2 for transverse specimens 
in the DQ state, and after tempering impact toughness was slightly better. The minimum bending radius in DQ 
material was 2.5 times the sheet thickness (2.5t) in with the bend axis in the longitudinal direction (Figure 3a) 
and 1.9t transverse to the rolling direction (Figure 3b). In the DQT state, bendability was even better, and 
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corresponding minimum bending radii were 1.5t (Figure 3c) and 1.0t (Figure 3d). For comparison, at the 900 
MPa yield strength level is concerned, the bendability can be considered as being very good when the 
minimum usable bending radius is less than 3.0t. 

 

Figure 3 Examples of the minimum bending radius of the bent samples at a bending angle of 90 deg: (a) r20 
(2.5t) bend axis along the rolling direction of DQ, (b) r15 (1.9t) bend axis transverse to the RD of DQ, (c) r12 

(1.5t) bend line along the RD of DQT, and (d) r8 (1t) bend axis transverse to the RD of DQT 

3.3. Relationship of microstructure and tempering on the mechanical properties 

There are several ways of controlling the strength - toughness - formability balance in these direct-quenched 
UHSS. Additions of microalloying (Nb, Mo and V) enhanced desirable strength and improved the toughness 
properties by promoting the formation of pancaked austenite. Similarly, exceptionally good bendability is 
achieved with a soft subsurface microstructure (i.e. granular bainite) and the absence of an intense 
~{112}<111> texture component at the surface. The good toughness properties are the result of extensive 
pancaking, which produced intense ~{112}<110 - 131> and ~{554}<225> components at the expense of the 
{100} texture that facilitates cleavage cracking [16]. In the DQT state, Nb, Mo and V microalloying additions 
help retain a fine carbide structure and the dislocation structure achieved by direct quenching, which lead to 
excellent combinations of strength and toughness. 

  
Figure 4 Balance of strength, toughness, elongation to fracture and minimum bending radius of DQ, DQT 

and conventional UHSS 

As can be seen from Figure 4, DQ and DQT materials provide excellent overall properties. The toughness 
and bendability properties of DQT material can be considered to be abnormally good at the 900 MPa yield 
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strength level concerned. Typically, the bendability of steel with a similar strength level is over 3 times the 
material thickness, whereas in the case of the DQT material in our studies it is 1.5 x t. 

4. CONCLUSION 

In this work, it has been shown that highly pancaked prior austenite enhanced the formation of granular bainite 
in the strip subsurface layers even though the inner part of the strip was bainitic, providing an ultrahigh yield 
strength in excess of 960 MPa with excellent impact toughness and bendability in DQ state. Furthermore, 
tempering at 600 °C improved the toughness and bendability, while the yield strength decreased slightly to 
900 MPa. Further research into the effects of chemical composition and tempering parameters will help to 
optimize the production parameters that best allow a single composition to be used for both DQ and DQT 
products. 
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Abstract 

Cold-drawn high-carbon steel wire with pearlite microstructure is one of the most popular raw material for 
modern reinforcing ropes. Lamellae thinning, changes in interlamellar interface and metallographic texture, 
strain localization are the main property-forming phenomena in the wire drawing process. However, the 
experimental study of these phenomena dynamics is difficult and time-consuming. Drawing process of pearlitic 
steel wire was investigated. Behavior of pearlite colonies on the surface and the central layer of the wire was 
researched based on the multiscale computer simulation. Cementite lamellae orientation in relation to the 
drawing axis, interlamellar spacing and shape of cementite inclusions were key factors. Regularities of the 
pearlite colonies reorientation, changing the shape and size of cementite lamellae and strain localization in the 
ferrite were established on the basis of FEM. It was established that the cementite lamellae, that are parallel 
to the drawing axis, had the maximum thinning. Interlamellar distance in pearlite colonies with such lamellae 
changed most intensively. Cementite lamellae, that are perpendicular to the drawing axis, are the most 
susceptible to fracture. It found that for certain values interlamellar distance this effect can be reduced. 
Intensive reorientation of pearlite colonies in relation to the drawing axis was observed in the case of their 
location at an angle to the drawing direction. At the same time there were a significant bending of cementite 
lamellae and their susceptibility to fragmentation. Estimated values of the wire mechanical properties were 
compared with a real experiment. The simulation results were verified by metallographic analysis. 

Keywords: Wire drawing, pearlitic steel, multiscale simulation, cementite lamellae orientation, interlamellar  
        interface 

1. INTRODUCTION 

Steel with a pearlite structure is a classic example of a nanostructured metallic material. Due to its strength 
properties and crack resistance, pearlite steel is rightly called one of the strongest metallic bulk materials at 
the moment [1-5]. Traditionally, this steel type is used in the wire production. In this case it is possible to archive 
5-7 GPa strength level of such steel by drawing after preliminary heat treatment [6]. For this reason, cold-
drawn wire from steel with pearlite structure is popular raw material for the production of modern reinforcing 
ropes, metal cord, ropes, etc. [7]. The combination of high strength, non- complex alloying and the possibility 
of small diameters obtaining allows reducing steel consumption of the structures in the mining industry, 
production of constructive elements, elevators, etc. However, the main property-forming processes during wire 
drawing are lamellae thinning, changes in interlamellar interface and metallographic texture, strain localization 
[8-11]. These parameters dynamically change during the drawing process and determine the processability of 
the wire at the next stages of production. Few papers devoted to multiscale computer simulation of pearlite 
steels drawing clearly demonstrate the expediency and relevance of studies of microstresses and 
microdeformations at the level of pearlitic colonies [12-14]. It was observed that the stress-strain state, even 
at the scale level of individual perlite colonies, is characterized by a high degree of inhomogeneity. Therefore, 
the development of these ideas for practical-oriented prediction of the wire properties after the drawing process 
has great importance for the design of multi-stage industrial technologies. 
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2. MATERIALS 

The initial billet was made from steel with the chemical composition given in Table 1. The initial billet was 
subjected to the patenting process [15] under industrial conditions. 

Table 1 Chemical composition of the studied steel grade (wt. %) 

C Si Mn Cr Ni 

0.81-0.82 0.31-0.32 0.55-0.56 0.02 0.02-0.03 

The initial microstructure of patented samples consisted of ferrite-carbide mixture with average interlamellar 
spacing 0.147 μm. The interlamellar spacing on the surface of the sample is 0.098 μm. The mechanical 
properties of the initial billet after patenting are given in Table 2. The mechanical properties of individual 
microstructural components were chosen on the basis of previously published studies [16]. 

Table 2 Mechanical properties of the patented billet for drawing 

Yield stress σ0.2, MPa UTS σв, MPa Percent elongation δ10, % Reduction in area ψ, % 

820 1196 10.6 30.3 

3. METHODS 

The process of pearlite steel nine-pass drawing according to the following reduction schedule with the total 
strain degree ~88 % was researched:  

12.0024.610.4223.69.1122.58.0221.67.1020.06.3520.85.6519.85.0619.14.5518.84.10 

The basic principles of simulation creation are described in papers [17-18]. The microstructure of the initial 
billet has few distinctive aspects (Figure 1): A) cementite lamellae which are parallel to the axis of drawing; B) 
cementite lamellae which are perpendicular to the axis of drawing; C) cementite lamellae which are located at 
a certain angle relatively to the axis of drawing; D) finely dispersed inclusions of predominantly ellipsoidal 
shape; E) elongated curved plates in areas of ferrite accumulation. For further research, the following 
representative volumes were prepared (Figure 2). 

    
1 2 3 4 

Figure 1 Microstructure of initial billet before 
wire drawing process 

Figure 2 General view of RVEs: 1 -  cementite lamellae are 
parallel; 2 -  cementite lamellae are perpendicular; 3 -  cementite 

lamellae at 45°; 4 - cementite with the shape of fine inclusions 
and curved plates 
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4. RESULTS 

The micromodels analysis of pearlite colonies oriented parallel to the drawing axis showed that for this 
orientation cementite lamellae are most prone to thinning. At the same time, the thinning of cementite lamellae 
was relatively inhomogeneous with the formation of "neck". Such pearlite colonies were stretched as far as 
possible in the direction of the drawing axis. The interlamellar spacing in such colonies changed most 
intensively. Approximately after the fifth drawing pass (total strain degree 0.65), initialization of partial fracture 
of individual cementite lamellar is observed, which is confirmed by metallographic experiment (Figure 3). 

  
                                                a                         b 

Figure 3 Distribution of Mises stresses in pearlite colonies parallel to the axis of drawing (a), and the picture 
of the microstructure (b) in the center of the wire 

The described features of the interlamellar spacing changes most typically occur on the surface of wire. On 
the surface of the wire, cementite lamellar oriented parallel to the drawing axis acquired additional distortion 
and lost parallel orientation (Figure 4). Absolute values of Mises stresses and Equivalent strains in the center 
and on the surface of wire were commensurably the same: the maximum value is 3100 MPa,the minimum 
value is 1500 MPa. However, the distribution of the stress-strain state parameters in the pearlitic colonies in 
the center of the wire was more inhomogeneous. With a twofold decrease in the interlamellar spacing the 
stress-strain state of the cementite lamellar became more uniform (Figure 5). The stress-strain state of a 
pearlite colony with a bigger interlamellar spacing is characterized by multitude of localized Mises stresses on 
the level 3000 - 3200 MPa, with an average stress value of 2000 - 2200 MPa. With a decrease in the 
interlamellar spacing the stresses and strains localizations number also decreases (in 1.3 - 1.5 times), and 
therefore the perlite colony tends to deform as a single whole. Through simulations it was found that the 
colonies, which are oriented perpendicular to the axis of drawing, the most susceptible to deformation and 
fracture (Figure 6). 
 

 
 

  

a b a b 

Figure 4 Distribution of Mises stresses in pearlite colonies 
parallel to the axis of drawing (a), and the picture of the 

microstructure (b) on the surface of the wire 

Figure 5 Comparison of the Mises stresses 
distribution in colony with different 

interlamellar spacing: 100 % (a) and 50 % 
(b) 
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The interlamellar spacing in these colonies varies insignificantly, but the fragmentation of these lamellar with 
the formation of submicrocrystalline structure is most intense. At the same time, these areas are the most 
probable places for the initialization of various microcracks, what agrees with the previously published results 
[19-23]. 

  
 

a b c 
Figure 6 Mises stresses distribution in pearlitic colonies perpendicular to the axis of drawing in the center (a) 

and on the surface (b) of the wire and the microstructure picture (c) 

Another situation is observed in pearlite colonies oriented at an angle to the axis of drawing. In the micro-
simulation the initial angle was taken as equal to 45 ° (Figure 7). The quantitative values of the parameters of 
the stress-strain state at this orientation of the cementite lamellar were the same on the surface and in the 
center of the wire. In this case, as the strain degree increases, the cementite lamellar change their orientation 
angle, tending to parallel with the direction of drawing. This is consistent with metallographic researches [24-
26]. Such an initial orientation in space makes it possible to realize much greater strain degrees in local 
volumes than parallel or perpendicular. 

  
 

a b c 
Figure 7 Mises stresses distribution in pearlitic colonies with orientation angle 45° to the axis of drawing in 

the center (a) and on the surface (b) of the wire and the microstructure picture (c) 

However, with the accumulation of a strain degree (more than 0.70), fracture or bending of cementite lamellar 
begins. The individual parts of the lamellar are deformed by shearing in places with a locally high stress 
concentration in the ferrite. Fine inclusions with predominantly ellipsoidal form slightly change their shape and 
size. In this case, significantly curved in the initial state cementite lamellar can be distorted up to a loop-like 
state with uniform deformation along the entire length of the lamellar [7]. Further, in accordance with paper 
[25], a comparative analysis of the mechanical properties of real wire samples and their calculated values was 
carried out according to the dependence (Figure 8): 

          (1)  
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In the approach used in the present work (based on the Embury-Fisher equation) the constant k depends on 
chemical composition, the value remaining constant during the whole drawing process. 

   
a b с 

Figure 8 Comparative analysis of mechanical properties and parameters of microstructure in real wire 
samples and their calculated values 

5. CONCLUSION 

It was found that the cementite lamellae, that are parallel to the drawing axis, had the maximum thinning. 
Interlamellar distance in pearlite colonies with such lamellae changed most intensively. Cementite lamellae, 
that are perpendicular to the drawing axis, are the most susceptible to fracture. Intensive reorientation of 
pearlite colonies in relation to the drawing axis was observed in the case of their location at an angle to the 
drawing direction. The high predictive power of the proposed models is proved by comparison with the results 
of an industrial experiment. 
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Abstract 

Favourable impact of sub-zero treatment on variety of important properties of tools is known over a long period. 
Alternatively, metallurgical principles responsible for elevated hardness, improved wear performance, changes 
in the tempering response and toughness, and better dimensional stability are known only over the last few 
years, and they have never been presented in all their complexity. The topic of the current paper is to make 
an overview of the most important properties of ledeburitic cold work die steels, their improvements by 
application of sub-zero treatments, and to explain these improvements upon the basis of the latest elaborated 
theory explaining the metallurgical background of this kind of treatment.  

Keywords: Sub-zero treatment, retained austenite, martensite, carbides, mechanical properties 

1.  INTRODUCTION 

The benefits of sub-zero treatment (SZT) on characteristics of high carbon high alloyed steels have been 
known for more than 150 years. Swiss watchmakers, for instance, have stored wear components in high 
mountain caves, in order to augment the wear resistance. In the middle of the 20th century it was commonly 
believed that temperatures down to approx. -79 °C are sufficient to transform high portion of retained austenite 
(γR) into the martensite (α´), and lower temperatures have no practical effect in treatment of steels. The effects 
like increased wear performance, improved fatigue strength, and better dimensional stability were accepted 
as the major advantages of SZT at these temperatures. Attempts to clarify the metallurgical background being 
responsible for the benefits of this kind of treatment developed only over the past two decades. This was due 
to the fact that the earlier state of the art of the experimental techniques was insufficient to record any changes 
in SZT and conventionally quenched (CQ) samples, and it was only believed that the changes in microstructure 
are at the atomic and nano-scale level. In the present paper, the state-of-the-art of understanding of 
metallurgical aspects that have the key impact on the most important structural features, and consequently on 
the properties of the steels is demonstrated.  

2.  CHANGES IN MICROSTRUCTURE 

Conventional heat treatment of ledeburitic steels comprises heating up to the austenitizing temperature (TA), 
hold at the temperature for time specific for each alloy, inert gas quenching, and two/three tempering cycles. 
As-quenched steels contain the α´, certain amount of the γR, and undissolved carbides. The γR is further 
transformed during subsequent tempering. This is coupled with precipitation of special alloy carbides. A so-
called “secondary hardening” occurs due to complementary effects of these phenomena during tempering at 
around 500 °C. The saturation of the austenite with carbon and alloying elements lowers both the characteristic 
martensite start (Ms) and martensite finish (Mf) temperatures. The latter one can lie well below the room 
temperature. Hence, the CQ is insufficient to transform higher amount of the austenite into the martensite, 
which leads to unacceptable portion of γR in as-quenched steels. For more complete martensitic (γ - α´) 
transformation, a SZT can be inserted in-between quenching and tempering.  

The first theory that attempted to explain the benefits of SZT was based on the reduction of the γR amount. It 
was assumed that lower amount of soft γR, and correspondingly higher fraction of α´ will lead to higher 
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hardness and better wear performance. Many investigators really evidenced substantial decrease in γR amount 
due to SZT, Figure 1 [1, 2, 3, 4, 5, 6, 7, 8]. 

 

Figure 1 Amount of retained austenite for various Cr and Cr-V ledeburitic steels after different schedules of 
SZT [1, 2, 3, 4, 5, 6, 7, 8] (adapted from the corresponding references) 

Later, this theory was challenged because it has been found that the material properties are further improved 
despite the γR was unchanged for longer SZT. Meng et al. [9], for instance, claimed that accelerated 
precipitation rate and better uniformity of transient carbides increases the wear performance rather than 
reduced γR amount. An example of precipitated transient carbides in SZT and untempered Vanadis 6 steel is 
in Figure 2. Other authors reported on enhanced population density of small globular carbides (SGCs, with a 
size 100 - 500 nm), see Figure 3 as an example, and stated that these particles are responsible for much 
better wear performance [1, 2, 4, 5, 6, 10] along a relatively good toughness and fracture toughness [3, 10]. 
And finally, refinement of martensite due to SZT, see Figure 4, was also evidenced [1, 8, 11], and one can 
suggest its positive effect on some material properties, too.  

 

Figure 2 An example of fine precipitates, which were identified in SZT Vanadis 6 steel (note that these 
particles were not found in corresponding CQ material) [11] (adapted from the corresponding reference) 

However, there were great inconsistences with regards to possible sources of mentioned microstructural 
features reported. Also, the thermodynamic aspects of mentioned phenomena are still under a great debate. 
For instance, some authors claim that the precipitation of transient nano-sized carbides is rather accelerated 
due to SZT [1, 9, 11] while others state that there is either no effect of SZT on the precipitation [12] or that the 
precipitation is retarded [13]. Also, enhanced population density of SGCs in SZT steels has been explained 
using implausible theories based on their accelerated precipitation rate during low-temperature tempering [2, 
6]. These theories, however, can be easily challenged through commonly accepted facts that: i) carbon atoms 

a b 
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are essentially immobile at low temperatures, hence, the probability of their segregation to nearby dislocations, 
where they form nuclei for further precipitation, is very low [8], ii) the size of SGCs is in the range of 100-500 
nm, hence, it is thus unlikely that they can be formed during low-temperature tempering (between 150 and 220 
°C) by thermally activated transport of atoms, iii) the SGCs were found already prior to tempering [1, 11], i.e. 
they are not a result of any tempering treatment but the SZT itself. 

 

Figure 3 Example of different population density of SGCs in CQand SZT (for 17 h) Vanadis 6 steel 

 
Figure 4 Comparison of TEM micrographs showing the microstructure of Vanadis 6 steel matrix after: a) 

conventional quenching, b) SZT [1] (adapted from the corresponding reference) 

The current theory, which is elaborated based upon the latest findings, can be explained as follows: 

First of all it should be noted that the aggregate γR to α´ transformation can be divided into two components 
[1]: i) diffusion-less (athermal) component, which takes place during cooling down from the TA to the lowest 
temperature of the heat treatment cycle, and ii) time-dependent isothermal component, which is active during 
hold of the materials at a temperature of SZT.  

The difference in γR amounts in CQ steels and the SZT ones makes ten or more per cents [1, 11]. It is generally 
accepted that the γ - α transformation is associated with 3 - 4% volume expansion. Moreover, both the 
martensite and the austenite endure considerable contraction during the cooling down to the lowest 
temperature of the heat treatment cycle, whereas they differ in terms of the extent of contraction due to 
significant difference in thermal expansion coefficient. As a result, compressive stresses are built up in the γR, 
and they increase with the application of SZT [14]. These phenomena result in the fact that the γR to α´ 
transformation is never completed despite the temperature of SZT lies well below the Mf temperature.  

Alternatively, low temperature is a strong driving force for further progress of the transformation. However, this 
is only possible when the compressive stresses in the γR would be relieved, which can be realized through a 
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deformation - induced formation of phase with lower specific volume. The obtained experimental data in the 
most recent investigations infer that [1, 11]: i) the increase in population density of SGCs is time - dependent, 
it follows the percentage reduction of γR [11], and these structural features manifest close relationship in terms 
of their percentage changes, ii) the nature of the SGCs was determined as cementite, i.e. as a phase with 
lower specific volume than that of the martensite or austenite, iii) the indications on plastic deformation of 
cementite particles were evidenced; it is expected that newly formed SGCs co-deform with the matrix during 
the isothermal part of the martensitic transformation. One can thus claim that the formation of SGCs is a “by-
product” of the isothermal component of martensitic transformation, which takes place at the temperature of 
SZT.  

Accelerated precipitation rate of transient carbides has been evidenced for different SZT steels either when 
low-temperature tempered [9] or already after re-heating to the room temperature [11]. Also, this phenomenon 
was only evidenced when the soaking time at the cryotemperature was sufficiently long [11, 15]. The 
explanation can be based upon the fact that the strain of the martensitic transformation is accommodated in 
the α´ and not in the γR. This accommodation is realized by slow but extensive plastic deformation of relatively 
ductile “virgin” martensite [16], which generates enhanced number of carbon clusters at crystal defects. These 
clusters can act as nuclei for further precipitation of carbides. It is worth noticing that the strained martensite 
is more amenable to decomposition as there is significant deviation from “standard thermodynamic conditions” 
claimed by Gavriljuk et al. [13], and supporting the theory on “delayed carbide precipitation”. 

As described above certain amount of the austenite is transformed to the martensite during the hold at the 
cryotemperature. The phenomena associated with the isothermal γ to α´ transformation induce certain mass 
transfer, and might be responsible for controlling of the martensitic domains growth. Moreover, it has been 
demonstrated that the refinement of martensite is localized to certain sites in the microstructure while 
remaining volume fraction of the α´ does not manifest any refinement. It is obvious that the martensitic domains 
grow relatively freely during CQ (i.e. when only low amount of original austenite is transformed) but the space 
for the martensite growth becomes limited during the SZT since dominant austenite amount is already 
transformed. Hence, the domains of the martensite formed during the SZT would be finer.   

3. EFFECT ON THE PROPERTIES 

Enhanced hardness is generally accepted added value of SZT. The extent of as-SZT hardness increase 
depends on parameters of heat treatment schedule, and can range between several units [1, 2] and more than 
10 HRC [17]. Improved hardness is retained after low-temperature tempering, also [2, 3, 4, 5, 6]. Mentioned 
hardness increase can be attributed to the lowered γR amount and correspondingly higher martensite amount, 
higher population density of SGCs, and to the accelerated precipitation of transient carbides. An opposite 
tendency has been recorded when the steels are tempered at temperatures from the secondary hardening 
range. The secondary hardening peak can either be shifted to lower tempering temperatures (for short-time 
SZT) [17] or it disappears completely when the steels are soaked in cryomedia for longer periods [10, 11]. The 
plausible explanation is based on reduced both the contribution of the secondary γ - α´ transformation and the 
precipitation of carbides. The first phenomenon is attributed to the much lower γR amount in SZT steels, and 
the second one can be referred to both the enhanced population density of SGCs and the accelerated 
precipitation rate of transient carbides, which essentially depletes the martensite prior to the precipitation of 
alloyed carbides at a secondary hardening temperature.  

It is important that one should accept lower toughness and fracture toughness of SZT ledeburitic steels after 
low-temperature tempering. The deterioration is relatively high [3], and can be referred to reduced γR amount. 
Nevertheless, higher population density and better distribution of SGCs make serious obstacles in the crack 
propagation whereas the crack manifests a tendency to follow the carbide/matrix interfaces, which is 
associated with local microplastic deformation of a matrix [10]. This partly compensates negative impact of 
reduced γR amount. Alternatively, a beneficial effect of SZT on both the toughness and fracture toughness was 
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recorded after high temperature tempering [10]. This is due to combined effect of slightly lower hardness and 
more favourable carbide characteristics as reported in [10, 11], for instance. 

The first results on the prolonged durability of tools were obtained by practical testing, where an almost tenfold 
improvement in wear resistance of tools made of AISI D2 steel has been reported [18]. The results of laboratory 
tests carried out on differently heat treated Cr and Cr-V ledeburitic steels were in excellent agreement with the 
industrial trials. However, it was also established that the extent of improvements in wear performance is 
closely related to the duration of SZT [2, 4, 6], with a maximum at 36 h, and that it is load - dependent [4] and 
counterpart´s material nature dependent [10]. The current state-of-understanding is based on the more 
complete martensitic transformation, which induces formation of enhanced population density of SGCs. 
Moreover, these findings, along with those pertaining, the beneficial effect of SZT on toughness allow us to 
make a general conclusion that the application of SZT makes it possible to achieve a simultaneous 
enhancement in both the wear performance and toughness, albeit in a limited extent. 

In the production of precision tools the dimensional stability is one of key properties that influence their 
durability. There is a general consensus with regard to the improvement of the material resistance against 
undesirable dimensional changes [7, 17]. It is known that conventionally room temperature quenched high 
carbon high alloyed tool steels contain around 20 vol. % of γR. This phase is metastable at low temperatures 
and can transform to brittle martensite under high mechanical stresses. As discussed above, the γ - α´ 
transformation is associated with positive volume change, which is responsible for undesirable dimensional 
changes of heavily stressed components containing too high γR amount. Therefore it is commonly accepted 
that the amelioration of dimensional stability can be simply referred to the reduction of the γR amount. 

The dominant amount of tools made of Cr and Cr-V ledeburitic steels is used in environments where corrosion 
resistance does not play crucial role in their service time. However, experimental results indicated on worsened 
corrosion resistance due to the SZT [19], which is related to higher population density of SGCs that depletes 
the solid solutions by carbon and alloying elements.  

4. CONCLUDING REMARKS AND PRACTICAL RECOMMENDATIONS 

Sub-zero treatment leads to considerable reduction of retained austenite amount, which takes place mainly 
during isothermal hold at the cryotemperture. This is associated with development of high compressive 
stresses in this phase, and with extensive plastic deformation of newly formed “virgin” martensite.  

Low-temperature isothermal martensitic transformation induces “secondary effects” like enhanced 
precipitation rate of transient carbides, formation of extra SGCs, and overall microstructural refinement. 

These phenomena result in general hardness increase of SZT steels, which is evidenced up to a critical 
tempering temperature, loss of the secondary hardening, better wear resistance and dimensional stability, and 
changes in toughness and fracture toughness. Also, it seems that it is possible to increase the wear 
performance and toughness simultaneously, by using a proper heat treatment route. 

The following practical recommendations can be derived from the obtained results: If the goal of the heat 
treatment is to achieve the maximal hardness and wear resistance, the use of higher TA is desired. In this 
case, higher retained austenite amount is almost fully converted to martensite by SZT, which should maximize 
the population density of carbides. A low-temperature tempering must be carried out subsequently. In this 
case, however, lower toughness must be inevitably accepted. If the tempering to secondary hardness peak is 
used in the heat treatment schedule then the wear performance is also improved, however, the improvement 
is less significant. A slight improvement in toughness is undisputed benefit of this schedule. The lowest 
possible amount of retained austenite should be achieved if the objective is to minimize the dimensional 
changes. This means the use of low TA along with sufficient duration of the SZT. 
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Abstract  

The microstructure, the phase constitution and hardness of Cr-V ledeburitic tool steel Vanadis 6 subjected to 
sub-zero treatment with several soaking time in nitrogen vapors have been investigated. The metallurgical 
aspects include reducing the amount of retained austenite and increasing carbide count, so wear resistant and 
dimensional stability are better as compared to conventionally heat treated material. The matrix is martensitic 
with certain amount of retained austenite, irrespectively to the time of sub-zero treatment. The amount of 
retained austenite has been significantly decreased from 20.2 vol. % to minimum 3.2 vol. % at 48 h soaking 
time. The microstructures have been characterized using the light microscopy, scanning electron microscopy 
and X-ray diffraction. The microstructure of sub-zero treated steel contains eutectic, secondary and increased 
count of small globular carbides. The count of small globular carbides for conventionally heat treated samples 
was around 48 x 103 / mm2 and for sub-zero treated samples was increased more than four times with 
maximum 209 x 103 / mm2 at 24 h soaking time. These particles have size of up 500 nm but 100 nm in most 
cases. The hardness has been increased as compared to no sub-zero treated samples from 875 ± 16 HV 10 
up to 954.6 ± 14 HV 10 at holding time 48 h.  

Keywords: Sub-zero treatment, carbides, Cr-V ledeburitic steel, retained austenite, microstructure 

1. INTRODUCTION 

Several challenges must be overcome in the pursuit of stronger, lighter and less expensive manufactured 
products. A common approach used in the past has been to heat-treat materials, which provides greater control 
over the range of properties that a given material may have. One of major problems of materials through by 
conventional heat treatment is the amount of retained austenite [1]. Sub-zero treatment (SZT) can produce 
harder, more wear-resistant materials with many other beneficial properties. SZT is the process of cooling a 
material to temperatures far below room temperature. This method of processing was first recognized when 
parts that were transported via train had been packed with dry ice, resulting noticeable increases in wear 
resistance [2]. The SZT is an add-on process to the conventional heat treatment (CHT) of steels, which can 
play an important role in finishing of tools and components. In particular, the SZT is frequently used for the 
processing of high carbon, high alloyed steels, where their austenite is not fully transformed to martensite. The 
group of Cr-V ledeburitic steels is a typical example [3]. 

The application of the SZT can result in considerable changes in microstructure and properties of processed 
steel. The main reason of that is, besides the variety of materials used for the investigations, a great variability 
of parameters of experimental techniques used. Some of the claimed benefits of SZT include increase wear 
resistance, increased dimensional stability and increase hardness of the materials. 

We more often encounter investigation of SZT in liquid nitrogen at -196 °C. However, some researchs indicate 
that SZT at higher temperatures could have a better effect on changes in the microstructure. Reitz et al. [2], 
for instance showed an increase of hardness when the SZT was done at -140 °C compared to -196 °C. In the 
article the results of the investigation of differences in the microstructure, the amount of retained austenite and 
the hardness between the CHT Vanadis 6 steel and the same material at -140 °C are discussed in article.  
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1.1. Experimental 

The experimental material was the tool steel Vanadis 6 with nominally 2.1 % C, 1.0 % Si, 0.4 % Mn, 6.8 % Cr, 
1.5 % Mo, 5.4 % V and Fe as balance, made by PM. Samples for the microstructural investigations were 
cylinders with 17 mm in diameter and height of 6 mm. Conventional heat treatment (CHT) consisted of the 
following steps: heating up to the desired TA (1050 °C) in a vacuum furnace, holding at the temperature for 30 
min and nitrogen gas quenching (5 bar). Sub-zero treatment has been applied after quenching in liquid nitrogen 
vapor (-140 °C) for 4, 10, 17, 24, 36 and 48 hours. No tempering of the steel was carried out in order to highlight 
the microstructural changes due to SZT itself.  

Metallographical samples were prepared by standard preparation line and etched with the Villela-Bain reagent 
for the light microscopy or with a picric acid for the SEM-observation. 

The microstructure was recorded using the light microscope NEOPHOT 32 and the scanning electron 
microscope JEOL JSM 7600 F device equipped with an EDS-detector (Oxford Instruments), at an acceleration 
voltage of 15 kV. For details of the categorization of the carbides check the Refs [4, 5]. The amount of retained 
austenite (γR) was measured by X-ray diffraction, according to the ASTM E975-13 standard [6]. X-ray patterns 
were recorded using a Phillips PW 1710 device with filtered Coα1,2 characteristic radiation, in the range 20 - 
144° of the two-theta angle. Macro-hardness measurements were completed by the Vickers (HV10) method. 
Each metallographic specimen was measured for 5 times, and the mean value and standard deviation from 
the measurements of each specimen was calculated. 

2. EXPERIMENTAL RESULTS 

Figure 1 show light micrograph of the examined steel after conventional quenching and after SZT done for 17 
h. The microstructure consists of matrix and undissolved carbides. The matrix contains the martensite and 
retained austenite. Count of small globular carbides increase in comparison with convectional heat treated 
samples, but optical microscopy fails to bring more details. This was also confirmed in previous research by 
Das et al. [7] and Surberg at al. [8]. 

 
Figure 1 Light micrograph showing the microstructure of the Vanadis 6 after SZT at -140 °C for 17 h 

SEM micrographs, Figures 2 a), b) show examples of typical microstructures of the Vanadis 6 tool steel after 
conventional heat treatment (CHT) and after SZT at -140 °C for 4 h. The microstructure is formed by matrix 
and three types of carbides: eutectic carbides (ECs), secondary carbides (SCs) and small globular carbides 
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(SGCs). The count of ECs and SCs is invariant over the heat treatment parameters range used in experiments 
because the ECs do not undergo the dissolution during austenitizing and the level of dissolution of the SCs is 
constant at fixed austenitizing temperature. The population density of SGCs increased with holding time at the 
temperature of sub-zero treatment. This is clearly evident by comparing of the microstructures in Figure 2 a) 
and b), respectively. Figures 3 a), b) show SEM micrographs of samples after SZT at -140 °C for 24 h and 48 
h, in these micrographs it is clearly shown that the population density of SGCs is highlighted at long durations 
of SZT. 

  

Figure 2 Microstructure of Vanadis 6 a) after CHT b) after SZT at -140 °C for 4 h 

  
Figure 3 Microstructure of Vanadis 6 a) after SZT at -140 °C for 24 h, b) for 48 h 

Numver of SGCs shown in Figure 4. It is obvious that count increased very rapidly up to 24h soaking time. 
The mean values of population density of SGCs for no-SZT samples and SZT samples for 4, 10, 17, 24, 36 
and 48 h were 48 x 103 / mm2, 176 x 103 / mm2, 179 x 103 / mm2, 198 x 103 / mm2, 209 x 103 / mm2, 193 x 103 / 
mm2, and 183 x 103 / mm2, respectively. Here it should be noted that values, with respect to the statistical 
uncertainty at a level of 95 %, considerably overlap for the samples treated for 4 and 10 h. It is shown that the 
maximum in the count of SGCs was achieved for 24 h soaking time.  

The size of SGCs is about 500 nm but more typically around 100 nm. Enhanced count of SGCs was observed 
already after SZT and reheating to room temperature in the present study. Hence, one can suggest that the 
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reason for the presence of SGCs can differ from what was proposed by Das et al. [9] e.g. they maybe originated 
as a result of enhanced stress situation of sub-zero processed material and its effort to relax the stresses. It 
was already discussed and explained recently [12]. 

 
Figure 4 Count of SGCs for samples processed by CHT and SZT, with various soaking times  

in nitrogen vapors 

The bulk hardness of SZT Vanadis 6 tool steel is shown in Figure 5. The hardness of CHT steel was 875 ± 16 
HV 10. The hardness of the SZT steel soaked in nitrogen vapor for 4, 10, 17, 24, 36 and 48 h were 949 ± 13.5, 
949.2 ± 15.6, 933.2 ± 16.8, 925.2 ± 13.3, 940.8 ± 6.4 and 954.6 ± 14 HV 10, respectively. These results infer 
that the as-quenched bulk hardness of Vanadis 6 steel is improved due sub-zero treatment, whereas the 
improvement is almost independent on soaking time in nitrogen vapors. Application of SZT at  
-140°C increases hardness, but after 4 h the effect of SZT on hardness is minimal.  

 
Figure 5 Bulk hardness HV 10 of the Vanadis 6 after SZT with different soaking time in nitrogen vapors 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

658 

The amount of retained austenite is presented in Table 1 (vol. %). The amount of retained austenite (γR) 
decrease relatively rapidly with the application SZT. In no-SZT samples γR was 20.2 vol. % and for SZT 
samples with 48 h holding time it was just 3.24 vol. %. The martensitic transformation is time-depend when 
material is exposed to very low temperature. The metallurgical aspects include reducing the amount of retained 
austenite so wear resistant and dimensional stability are better as compared to conventionally heat treated 
material. 

Table 1 Amount of retained austenite (vol. %) in the samples SZT for various soaking time (h). 

SZT (h) No-SZT 4 10 17 24 36 48 

γR -amount (vol. %) 20.2 3.94 4.64 4.25 4.16 3.6 3.24 

These results are consistent with results in other publications [9, 10]. For instance, Das et al. [10] have reported 
that the AISI D2 steel is almost free of γR after SZT performed at -196 °C for 36 h. Tyshchenko et al. [11] have 
established that Cr-V ledeburitic steel X220 CrMoV 13 - 4 contained around 4 % of retained austenite after 
long-term SZT at -196 °C. It is relevant to note that the γR always exist in their microstructure after quenching 
and before tempering and the martensitic transformation is never completed in high-carbon ledeburitic steels. 

3. CONCLUSIONS 

The obtained experimental results lead to following major conclusions:  

1) The SZT Vanadis 6 tool steel is composed of the matrix (the martensite and the retained austenite), 
ECs, SCs and SGCs (with a size up to 500 nm, mostly around 100 nm). 

2) The count of small globular carbides is several times enhanced due to the SZT, with a maximum after 
SZT realized for soaking time of 24h. 

3) The application of SZT reduces the amount of retained austenite in Vanadis 6 tool steel.  
4) The as-quenched hardness of the Vanadis 6 tool steel manifests a marginal increase after SZT. 
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Abstract 

Steel S235JR is one of the most popular structural material using on welding constructions. The microstructure 
of this steel consists of two phases: ferrite and perlite. This is the reason for this steel's low resistance to a 
number of aggressive environments. Despite this weakness, this steel is widely used in industry. The reason 
for its popularity is relatively low price and ease of joining in the process of manufacturing welded constructions. 
S235JR steel is often used in construction works in the NaCl environment. The corrosive processes occurring 
in the sodium chloride environment depend on the concentration and the state of the environment. A lot of 
papers showing corrosion processes in this environment use NaCl as an aerosol. Industry also needs 
information on the corrosion resistance of this steel in aqueous solution of NaCl. The experiment was 
performed with low carbon S235JR (1.0038) steel designation according to EN 10025-2:2004, plate - thickness 
t = 5 mm. Steel was held in aqueous solution for 432 hours testing its wear every 48 hours. Corrosion tests 
show that tested steel in both corrosive environments are characterized through a continue corrosion. 
Roughness parameters for every one of research times are determined and the level of steel corrosion. Loss 
of weight during the steel retention process in NaCl was determined in g / m2 and mm / year. The dependence 
of corrosion time on steel surface quality was determined. 

Keywords: Steel, structural steel, corrosion, corrosion rate, roughness 

1. INTRODUCTION 

Low-carbon structural steels very often are uses for construction elements. For good weldability they have low 
contents of carbon and alloying elements. Such chemical composition provides them with a ferritic-pearlitic 
microstructure. Thus, in practice, the microstructure of these steels, apart from the impurities, is composed of 
two phases: ferrite and secondary cementite. The presence of these phases side by side causes lowering of 
corrosion resistance of this steel group [1-6]. The main problem with the use of these steels is their tendency 
to corrode. This disadvantage greatly limits their application. Corrosion not only lowers the aesthetics of the 
structure but also reduces its strength, which over time leads to the need for accelerated material wear [7-12]. 
A typical representative of this group is S235JR steel. This steel is uses inter alia for construction elements, 
bridges, tanks, pressure pipes, grids, reinforcing bars for concrete. Since the range of these steel applications 
is very wide, their working conditions are also different. One of the corrosive agents in which S235JR steels 
work is the aqueous NaCl solution. Variable factors of corrosion process may be: the type of solution, its 
concentration, electrochemical parameters, operating temperature [3, 12].  

The literature gives a lot of information about corrosion steels in air with 3 % NaCl [13-16], but very little 
information on the corrosion structural steels in NaCl solution in water. Because of this, it was decided to 
conduct tests on this process. The aim of the research was to present the corrosion resistance of S235JR 
steel in 5, 15 and 20% aqueous NaCl solution at 3 °C. 

2. MATERIALS AND METODS 

The experiment was performed with low carbon S235JR (1.0038) steel designation according to EN 10025-
2:2004 [17], plate - thickness t = 5.0 mm. The microstructure of S235JR steel is composed with two phases: 
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the elongated ferrite phase at the background the perlite. The chemical composition of the steel is presented 
in Table 1. 

Table 1 Chemical composition of the S235JR steel 

Mean chemical compositions [wt. %] 

C Si Mn P S Cr Cu Ni N 

0.19 0.22 0.90 0.03 0.04 0.03 0.02 0.02 0.01 

Real mechanical properties at ambient temperature of the S355JR steel, according to EN 10025-2:2004 is 
presented in Table 2. 

Table 2 Mechanical properties at ambient temperature of the S235JR steel 

Mechanical properties 

ReH Rm A 

MPa MPa % 

247 386 27 

Before experiments, the test of pieces with an area of 13 cm2 (40 x 10 x 5 mm) were successively polished 
with emery paper to about Ra = 0.6 µm, next cleaned with 95 % alcohol.  

The samples with ferritic-perlitic microstructure were tested accordance to standard dedicated for stainless 
steel PN EN ISO 3651-1 [10, 18-20]. Corrosion test in 5, 15 and 20 % NaCl water solution medium was tested 
by measurement of loss in mass (Huey test).  

The corrosion rare of the S235JR steel measured in mm/year was calculated with the formula (1), but 
measured in g/m2 were calculated with the below formula (2): 

푟 = ∙
∙ ∙

                                      (1) 

푟 = ∙
∙

                    (2) 

where: 

t -  time of corrosion test (for each sample counted from zero) [hours], 
S - surface area of the sample [cm2], 
m - average mass loss in corrosion process [g], 
 -  sample density [g / cm3]. 

The influence of NaCl on the S355JR steel corrosion resistance was investigated using weight loss. The mass 
of samples were measured by Kern ALT 3104AM general laboratory precision balance with accuracy of 
measurement 0.0001 g. Every with measurements was repeated five times. 

Profile roughness parameters were analysed according to the PN-EN 10049:2014-03 standard (Measurement 
of roughness average Ra and peak count RPc on metallic flat products) by the Diavite DH5 profilometer. 

3. RESULTS AND DISCUTTIONS 

Exemplary profile roughness of S235JR steel is presented in Figure 1. 

Arithmetical mean roughness (Ra) value of S235JR steel in 5, 15 and 20 % NaCl at temperature of 3 °C 
between 48 to 432 hours with determination of coefficient R2 is presented in Figure 2. 
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Figure 1 Profile roughness of S235JR steel after corrosion tests in 20 % NaCl and time 432 hours 

 

Figure 2 Arithmetical mean roughness (Ra) value of S235JR steel after corrosion tests in 5, 15 and 20 % 
NaCl at temperature of 3 °C 

Mean peak width (Rq) value of S235JR steel in 5, 15 and 20 % NaCl at temperature of 3 °C from 48 to 432 
hours with determination of coefficient R2 is presented in Figure 3. 

 
Figure 3 Mean peak width (Rq) value of S235JR steel after corrosion tests in 5, 15 and 20 % NaCl 

at temperature of 3 °C 

Maximum peak height (Rp) value of S235JR steel in 5, 15 and 20 % NaCl at temperature of 3 °C from 48 to 
432 hours with determination of coefficient R2 is presented in Figure 4. 

Total height of the roughness profile (Rt) value of S235JR steel in 5, 15 and 20 % NaCl at temperature of  
3 °C from 48 to 432 hours with determination of coefficient R2 is presented in Figure 5. 
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Figure 4 Maximum peak height (Rp) value of S235JR steel after corrosion tests in 5, 15 and 20 % NaCl 
at temperature of 3 °C 

 

Figure 5 Total height of the roughness profile (Rt) value of S235JR steel after corrosion tests in 5, 15 and 
20 % NaCl at temperature of 3 °C 

Effects of corrosion time on the relative mass loss (RML) of S235JR steel after corrosion tests in 5, 15 and 
20 % NaCl at temperature of 3 °C from 48 to 432 hours with determination of coefficient R2 is presented in 
Figure 6. Relative mass loss is the quotient of mass loss and initial mass expressed as a percentage. 

 
Figure 6 Effects of corrosion time on the relative mass loss (RML) of S235JR steel after corrosion tests in 5, 

15 and 20 % NaCl at temperature of 3 °C 

Effects of corrosion time on the corrosion rate measured in mm per year of S355JR steel after corrosion tests 
in 5, 15 and 20 % NaCl at temperature of 3 °C from 48 to 432 hours with determination of coefficient R2 is 
presented in Figure 7. 
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Figure 7 Effects of corrosion time on the corrosion rate of S235JR steel after corrosion tests in 5, 15 and 
20 % NaCl at temperature of 3 °C 

Effects of corrosion time on the corrosion rate measured in gram per m2 of S235JR steel after corrosion tests 
in 5, 15 and 20 % NaCl at temperature of 3 °C from 48 to 432 hours with determination of coefficient R2 is 
presented in Figure 8. 

 

Figure 8 Effects of corrosion time on the corrosion rate of S235JR steel after corrosion tests in 5, 15 and 
20 % NaCl at temperature of 3 °C 

4. CONCLUSION 

 The results of the tests indicate that the loss of weight of S235JR steel at tested temperature are 
depends of time of corrosion and on temperature of environment. Its indicator is relative mass loss. 

 Analyzing the course of changes in roughness, it was found that its description of the function of the first 
degree is statistically adequate and has a high degree of fit (R2>0.95). 

 The obtained roughness curves in the first corrosion period are proportional. In the second period of 
corrosion, there was more and more roughness in each subsequent unit of time. For this reason, the 
description of the curves of the roughness as a function of the second degree is more accurate. 

 Equations describing the corrosion functions expressed in mm/year and g / m2 are similar. Differences 
depend only on their position relative to the corrosion rate expressed in different units. Therefore, 
choosing one of these functions for the same corrosion conditions is optional (free).  

 Counted (for each sample) from zero time of corrosion test showed a reduction in corrosion rate. In this 
way based on the graph or equation it is possible to estimate total corrosion rate at any time, counted 
from the beginning of the corrosion measurement.  

 By using equations describing material roughness or corrosion rate, it is possible to determine conditions 
for automatic control of the condition of an object. 
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Abstract 

Dissimilar welds are widely used in tubular systems of power plant boilers to compensate for different operating 
conditions. Redistribution of interstitial elements across the fusion line is regarded to be the most dangerous 
degradation mechanism in heterogeneous welds. Carbon and nitrogen move along the gradient of their 
chemical potential, in our case from P23 steel towards P91 steel. The paper deals with a TEM characterization 
of precipitation processes in fusion zones of two variants of heterogeneous P23/P91 welds after creep tests 
at 550 °C with times to rupture up to ca 80 000 hours. Both carbon extraction replicas and thin foils were 
studied. In carburized areas of welds heavy precipitation of carbides was observed, most of them 
corresponded to M23C6 carbides. The Cr/Fe ratio in these carbides continuously and systematically changed 
from the onset of carburized areas towards WM91 or P91 base material. This proved that carburization started 
in fusion zones, characterized by a continuous gradient of chemical composition. Furthermore, a low fraction 
of M6X particles occurred in carburized areas. In adjacent partly decarburized areas of WM23 or P23 steel 
M23C6 and M7C3 particles dissolved during creep at 550°C. Furthermore, SAED investigations revealed 
precipitation of Laves phase of Fe2W type in partly decarburized areas of both variants of P23/P91 welds. 
Precipitation of Laves phase has not been reported in P23 steel yet. Thermodynamic calculations proved that 
a reduction of carbon content in partly decarburized areas of WM23 or P23 steel made it possible to stabilize 
this minor phase. 

Keywords: TEM, heterogeneous welds, fusion zone, minor phases 

1. INTRODUCTION 

Heterogeneous weldments are more frequently used in power plant blocks than homogeneous welds because 
they join components working in boiler systems at different conditions [1]. Usually low alloy and high alloy 
steels are welded. Creep resistance of such joints must reach at least creep strength of low alloy material. In 
heterogeneous welds a lot of attention is paid to weldability and welding technology, testing of their creep 
behaviour and microstructural evolution during long-term creep exposure [2].  

Among root causes of heterogeneous weld degradation during high temperature service belong mismatch in 
physical properties and redistribution of interstitial elements due to gradients of chemical potentials of elements 
across the fusion zone. First of all, carbon redistribution is regarded as the most important degradation 
mechanism [3]. Atoms of carbon usually diffuse from the side of low Cr material into high Cr material. This 
diffusion process significantly affects microstructure evolution in close vicinity of fusion zone between low alloy 
and high alloy steel [1, 2]. Such decarburization during exposure at elevated temperature can cause 
progressive weakening in this area and it represents a very important mechanism of microstructural 
degradation of dissimilar welds. Decarburized zone in low alloy material is usually regarded as the critical 
region of heterogeneous welds during long-term creep exposure [4]. Detailed knowledge of the microstructure 
evolution in the fusion zone is therefore essential for understanding of the processes taking place during long-
term creep exposure in dissimilar welds. The paper is aimed at transmission electron microscopy (TEM) 
characterization of precipitation processes in a fusion zone of P23/P91 dissimilar welds after long - term creep 
rupture tests at 550 °C, with times to rupture exceeding 80 000 hours. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

667 

2. EXPERIMENTAL MATERIALS AND PROCEDURES 

2.1. Experimental materials 

Welds A and B were made between P23 and P91 hot rolled steel pipes of the dimensions ø219 x 25 mm using 
a P91 matching filler metal (E CrMo 9 1B) in case of the Weld A and a P23 matching consumable (Thyssen 
Cr2WV) in case of the Weld B, respectively. The weld roots were fabricated by GTAW (141) technology 
followed by multi-pass welds (7 beads) formed by SMAW (111) process. The chemical compositions of base 
materials (BM) and weld metals (WM) are shown in Table 1. The post weld heat treatment (PWHT) regime of 
weldments was 750 °C / 2 hours / air. Uniaxial creep rupture tests were performed in air using cross-weld 
specimens ( 6mm) at temperature of 550 °C at five stress levels in the interval from 150 to 100 MPa. 

Table 1 Chemical compositions of base materials and weld metals, wt. % 

Material C Mn Si Cu Ni Cr Mo V Ti Nb W N Al 

P23 0.08 0.55 0.27 0.04 0.08 2.11 0.07 0.23 0.06 0.01 1.70 0.013 0.012 

WM23 0.07 0.44 0.20 0.04 0.17 2.47 0.06 0.25 0.01 0.02 1.62 0.018 N.A. 

P91 0.11 0.51 0.38 0.17 0.42 8.67 1.00 0.23 0.01 0.07 0.01 0.048 0.012 

WM91 0.11 0.66 0.21 0.04 0.82 9.50 1.02 0.22 0.01 0.04 0.06 0.028 N.A. 

2.2. Sample preparation for TEM  

          
 a) b) 

Figure 1 Specimen B5 (tr = 32 669hours) (a) SE image with the area of interest (fusion zone) marked by red 
line, (b) finally thinned TEM lamellae 

Minor phase identification in specimens of heterogeneous welds was mostly carried out using carbon 
extraction replicas. In the case of the specimen B5 (Weld B, tr = 32 699hours) focused ion beam (FIB) technique 
was applied for the site specific preparation of thin foil (Figure 1a, 1b). The area of interest corresponded to 
the fusion zone between P91 and WM23. Preparation of thin foil was carried out using dual beam microscope 
FEI NUOVA 600 NANOLAB (electron and ion beams), where milling is done by gallium ions. 

2.3. Methods of transmission electron microscopy 

Studies were carried out on a transmission electron microscope JEOL JEM 2100, equipped with an EDS 
analyser JEOL JED-2300T. Investigations were performed using a combination of bright field and dark field 
images and images in STEM mode. Identification of minor phases was carried out using a combination of EDS 
and selected area diffraction (SAED). Interstitial elements were not taken into account during semi-quantitative 
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analyses of EDS spectra. Results of semi-quantitative analyses were always normalized to  
100 %. Furthermore EDS mapping was performed. 

3. RESULTS AND DISCUSSION 

3.1. Carburized zone in P91/WM91 

Kinetic modelling predicted intensive precipitation of M23C6 carbides in the carburized zone of P91 steel [5]. 
Experimental investigations proved this prediction, most particles in that area were identified as M23C6 

carbides. Dimensions and shapes of M23C6 particles in this area were very variable. Chemical composition of 
precipitates continuously changed from the side of P23 steel towards WM91 [6]. Table 2 shows changes of 
M23C6 composition in the carburized area of the specimen A5 (Weld A, tr = 81 095hours). Particles close to the 
partly decarburized zone of P23 steel contained tungsten and molybdenum, while particles on the side of 
WM91 contained only molybdenum. The Cr / Fe ratio in carbide particles increased towards WM91. This 
proves that the carburized area coincides, at least partly, with the fusion zone of the weld. 

Table 2 Chemical composition of M23C6 carbides in the carburized zone, specimen A5, wt. %, where FZ is  
   fusion zone 

Position in FZ V Cr Mn Fe Ni Mo W 
on the side of P23 1.2 ± 0.2 50.6 ± 3.1 2.6 ± 0.3 26.4 ± 3.8 N.A. 8.3 ± 1.1 10.9 ± 2.1 

on the side of WM91 0.7 ± 0.1 65.9 ± 1.0 1.7 ± 0.2 15.2 ± 0.3 1.1 ± 0.1 14.7 ± 1.0 0.7 ± 0.1 

a)       b)  

c)        d)  

Figure 2 The beginning of the carburized zone in the fusion zone on the side of WM23 containing precipitates 
of M6X a M23C6 phases a) bright field, b)-d) X - ray maps of Mo, W and Cr, respectively, sample B5 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

669 

Furthermore, in the part of carburized area adjacent to the partly decarburized P23 steel a small number of 
coarse M6X was identified. These carbonitrides could be stabilized by nitrogen redistributed together with 
carbon from P23 steel. Figure 2a shows the start of the carburized area in the thin foil prepared by FIB 
technique from the specimen B5 (Weld B). Chromium content in the matrix was evaluated as ca 2.5 wt. %. 
Figures 2 b-d represent X-ray maps of W, Mo and Cr, respectively. Areas rich in W and Mo correspond to a 
few M6X particles. Areas rich in Cr are M23C6 particles. The occurrence of these two phases was confirmed by 
electron diffraction studies. In carburized areas of welds Laves phase particles were not identified. 

3.2. Partly decarburized zone in P23 steel 

Investigations on minor phases in the partly decarburized zone of P23 steel of the specimen A4 (Weld A, 
trv=v26 386hours) proved that during creep exposure at 550v°C total dissolution of M7C3 and M23C6 particles 
took place. Dissolution of M7C3 phase is in a good agreement with kinetic simulation for 550 °C / 30 000 hours. 
A reduced fraction of MX phase in this region also complies with this prediction 5]. Experimental studies 
proved that fine MX particles which did not dissolve in the partly decarburized zone of P23 steel were rich in 
Ti and W.  

Investigations on precipitates in partly decarburized zones of specimens A4 and A5 revealed, except for fine 
MX particles, also coarse primary MX particles rich in Ti. Some of these particles reached the size of ca 200nm. 
Such particles were not identified in partly decarburized zone of WM23 in the Weld B, because there was no 
Ti present in the weld metal. 

a)       b)  

c)      d)  

Figure 3 Partly decarburized zone of WM23,a) bright field (insert - diffraction pattern of Laves phase with 
zone axis [ퟏퟏퟏ]휼  

), b)-d) X-ray maps of Mo, W, Cr, respectively; specimen B5 
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Furthermore, coarse particles rich in W and Fe were also present in the partly decarburized zone of P23 steel. 
Their typical size was ca 200nm, but some particles were even coarser. Their chemical composition was close 
to composition of M6X phase in P23 base material. Diffraction studies revealed two minor phases: M6X and 
Laves phase of Fe2W type. Reliable discrimination between these two minor phases based only on EDS results 
was not possible. 

Internal defects in Laves phase resulted in diffusional “streaking” in spot diffraction patterns, Figure 3a. Unlike 
of M6X phase precipitation of hexagonal Laves phase in steel P23 (WM23) was observed only in partly 
decarburized areas close to the fusion zone of heterogeneous welds, Figure 3. Precipitation of M6X phase in 
P23 steel was identified by a number of authors [7, 8]. However, to the best knowledge of the authors, 
precipitation of Laves phase of Fe2W type in P23 steel has not been reported yet. 

Precipitation of Laves phase in the partly decarburized area of P23 (WM23) can be explained using 
thermodynamic modelling outputs. As per that Laves phase is predicted to be equilibrium phase in P23 steel 
containing less than ca 0.03 wt. % of carbon at temperature of 550 °C [5]. 

4. CONCLUSION 

Most particles in carburized areas of P23/P91 welds were identified as M23C6 carbides. Chemical composition 
of precipitates continuously changed from the side of P23 (WM23) steel towards WM 91 (P91). The Cr / Fe 
ratio in carbide particles increased towards WM91 (P91) and also W was systematically replaced by Mo. This 
proves that carburized area coincides, at least partly, with the fusion zone of the weld. Furthermore, a low 
fraction of coarse M6X particles was identified in the carburized area of P91 (WM91) adjacent to the partly 
decarburized zone. No Laves phase particles were identified in the carburized area of P91 (WM91).  

Partial decarburization of P23 (WM23) steel in the course of creep exposure at 550 °C was accompanied by 
dissolution of M7C3 and M23C6 particles. Furthermore, decarburization of P23 steel resulted in precipitation of 
Laves phase (Fe2W). Laves phase particles precipitated together with M6X in the partly decarburized zone of 
P23 (WM23) and the chemical composition of both phases was similar, so the discrimination between these 
phases was possible only by combination of EDS and SAED. As per our best knowledge precipitation of Laves 
phase in P23 (WM23) steel has not been published yet. Observation of Laves phase in the partly decarburized 
zone of P23 (WM23) steel can be explained using thermodynamic modeling where the reduction of carbon 
content to level of ca 0.03 wt. % leads to its stability at 550 °C.  
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Abstract 

The CMT/CMTP braze-welding process is characterized by interruption of a short-arc at low welding current 
values, which is controlled by an invertor source. Thereby, the used energy is lowered by short time (about 1 
μs) before reignition of the electric arc. Because of the offered benefits (joining of thin materials, the possibility 
of using large diameter wire electrode by low welding current, low heat input values, etc.) is facilitated the 
achievement of butt, corner and overlap welded joints, between dissimilar materials that have a low welding 
metallurgical behavior. In this paper is analysed the opportunity to produce heterogeneous braze-welded 
joints (galvanized steel - aluminum alloy) starting from a factorial experiment which considers three sets of 
technological parameters. Welded joints quality is evaluated by metallographic examinations and mechanical 
testing. 

Keywords: CMT/CMTP process, galvanized steel, aluminium alloy 

1. INTRODUCTION 

The process of braze - welding CMT/CMTP derives from the MIG/MAG welding process, particularly using the 
assisted droplet detachment technique [1, 2]. In terms of establishing optimum process, with every controlled 
touch of the base metal by the electrode wire should take place a separation of a single droplet of filler material. 
Therefore, the result can be called „drop by drop welding” [3]. 

Movement with high frequency of the electrode wire back and forth to the base metal, makes the transfer of 
the droplet occur at low values of welding current. This allows the joining of dissimilar materials with small 
thickness (under 0.8 mm), the reduction of the linear energy with approximately 30 % from MIG/MAG welding 
and application of new joining techniques e.g. CMT - laser  [4], [5]. 

This paper deals with the possibility of achieving joints of dissimilar materials delivered in the form of thin 
sheets by CMT/CMTP braze - welding, which are incompatible from the metallurgical point of view.     

2. EXPERIMENTAL PROCEDURE 

The base materials used for the realization of experimental program were: 

 galvanized steel sheet DX51D+Z150-N-A-C (SR EN 10327:2004), with dimensions of 150x250x1mm;   
 alluminium alloy sheet EN AW 1200 (SR EN 1706 : 2000), with dimensions of 150 x 250 x 1 mm. 

In (Table 1 and 2) is shown the chemical composition of these, and Table 3 presents the guaranteed values 
for mechanical strength characteristics.  

As filler material was selected a electrode wire alloy AlSi5 with a diameter of 1.2 mm, using cc+ polarity. The 
chemical composition of the wire electrode EL-AlSi5, according to DIN 1732, is presented in (Table 4), and 
the guaranteed mechanical characteristics for the deposited metal are given in (Table 5). 
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Table 1 The chemical composition of the galvanized steel sheet 

Galvanized steel 
DX51D+Z150-N-
A-C  

Chemical elements, % mass 

Al Fe Zn Zr Mo W Pb Bi Si Mn Co 

Actual values 0.42 29.06 69.69 0.03 0.16 1.18 0.07 0.10 0.28 0.06 0.19 

Values according 
to SR EN 
10327:2004 

max. 
0.60 

max 
32.0 

max 
70.0 

max 
0.03 

max 
0.18 

max 
1.50 

max 
0.10 

- max 
0.30 

max 
0.1 

max 
0.30 

Table 2 The chemical composition of the aluminium alloy sheet 

Aluminium alloy 

EN AW 1200 

Chemical elements, % mass 

Al Si Fe Cu 

Actual values 98.96 0.78 0.21 0.03 

Values according to 
SR EN 1706:2000  Max. 99 % Si +Fe <1 % < 0.0 5% 

Table 3 Guaranteed mechanical properties 

Base material Rp0.2, MPa Rm, MPa 

Galvanized steel sheet (DX51D+Z150-N-
A-C) 348-395 max. 405 

Aluminium alloy sheet (EN AW 1200) 150-165 max. 205 

Table 4 The chemical composition of the filler material 

The filler material 
Chemical elements, % mass 

Si Mn Fe Al 

AlSi5 4.5-5.0 <0.5 <0.5 balanced 

Table 5 The chemical composition of the electrode wire -AlSi5, according to DIN 1732 

Yield strength, Rp0.2, MPa Hardness, HB Tensile strength, Rm, MPa Elongation at break As [%] 

70-90 48-60 110-160 min 15 

Due to numerous applications that can be found in the automotive field, the type of joint selected for 
experiments was „lap joint”.  

For welding was used a welding source - FRONIUS Trans Puls Synergic 2700 CMT, with pulsed arc with 
integrated/separate wire feeder with 4 rolls system, with a working distance of maximum 6 m. The maximum 
current (270 A) is provided by an inverter working at a 100 kHz frequency, allowing consumption at idling by 
only 50 W. As a shielding gas pure argon was used (Ar 100 %), this being recommended for welding 
aluminium-based alloys. 

The test plan was based on a factorial experiment on two levels simultaneously that aims to study the main 
technological parameters used at CMT and CMTP braze - welding: welding current, SI , arc voltage, aU , arc 

length correction factor, ol , droplet detachment correction, naI , welding speed sv  determined by the welding 

cart, wire feed speed, asv ,transfer mode CMT/CMTP, way of achieving the pulled/pushed cord; the angle of 

the welding gun, distance from the nozzle to the base material; 
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In preliminary experiments it was decided a choice of three technological entry parameters, which strongly 
influence the geometrical characteristics of the joint. These are: 

 welding speed sv  driven by the tractor welding; 

 droplet detachment correction / dynamics naI ;  

 CMT/CMTP transfer mode. 

Objective functions were considered: shear strength of the joints, and the characteristics of the intermetallic 
layer formed at the interface of the joint. 

2.1. The establishment of the welding technological regime 

The programme of work has been designed on the basis of a factorial experiment which consists in carrying 
out a number of heterogeneous joints by determining a central point (0 - adequate joining) then choices are 
made on two levels, resulting in 10 types of braze - welded joints. 

In (Table 6) are shown the values of the parameters used to form the heterogeneous joints galvanized steel - 
aluminium alloy. 

Table 6 The parameter values of the technological  

Weld brazing 
version number  AIS   VUa   min/mvas  CMT* sau CMTP**  min/mmvs  naI  

0 70.0 12.9 3.80 CMT 1000 +5 

1 67.2 11.7 3.70 CMT 800 +5 

2 88.6 15.2 4.37 CMTP 800 +5 

3 88.6 15.2 4.35 CMTP 1000 +5 

4a 62.6 11.3 3.64 CMT 1000 +5 

4b 62.6 11.3 3.64 CMT 1000 +5 

5 61.0 11.3 3.47 CMT 800 -5 

6 69.3 14.3 4.35 CMTP 800 -5 

7 70.1 14.5 4.39 CMTP 1000 -5 

8a 63.6 11.6 3.69 CMT 1000 -5 

*CMT Cold Metal Transfer ** CMTP Cold Metal Transfer Pulse 

3. EVALUATION OF EXPERIMENTAL RESULTS 

3.1. Metallographic examinations 

In order to assess the quality of joints that were made it was appealed to macroscopic analysis and detailed 
microscopic analysis. 

(Figure 1a) and 1b) exemplifies the visual image of the braze - welded joints free of surface defects and also 
with discontinuities. Such defects were seen in joints with 5 and 7 technological regimes.  

Research on macroscopic cross sections of braze - welded sections shows that with the exception of 
technological regime 5 and 7, that led to the appearance of pores in the weld, having a maximum diameter of 
0.3 mm (Figure 2a), in other cases there was obtained a corresponding geometry , without metallic continuity 
defects (Figure 2b). 
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Figure 1 The visual appearance of the surface of braze-welded joints:  
(a) - without defects; (b) - with discontinuities 

   

Figure 2 Macrographic image of the cross section of braze-welded joints:  
(a) - with porosity; (b) - without defects; Chemical reagent, 10 % Nital 

The microscopic examination was carried out in characteristic areas of weld brazed heterogeneous joints 
(WELD, BM, HAZ) according to SR EN 1321:2006 carrying forth the following characteristic structures: 

 a eutectic (α + Si) finely dispersed in a matrix of solid solution α (Figure 3) in the aluminium base alloy 
 a mixture of ferrite and pearlite (Figure 4), specific to non-alloyed steels with low carbon content, to 

which the pearlite is in small amount and disposed at the intersection of ferritic grains (Figure 4); 
 a new metallic alloy, created in the connection area of the two base metals by melting the filler material 

and diffusion of chemical elements from and to the weld (Figure 5). 

       
      Figure 3 Microstructure of Al alloy                            Figure 4 Galvanized steel microstructure 

Chemical reagent: 2 % Nital 

10 m 10 m 
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Figure 5 Galvanized steel interface microstructure - Al alloy (2 % Nital) 

3.2. Hardness testing 

After hardness measurements, were calculated the estimator values of structural hardening ΔHV1 (eq. 1):  

[%]100
HV1

HV1HV1= HV1
max

minmax 


         (1) 

In which:  

 HV1max maximum hardness HV1 in an area of heterogeneous joints; 

 HV1min is the minimum hardness HV1 determined in another area of heterogeneous joint; 

It is considered that, if ΔHV1 ≥ 50 %, in the analysed areas have developed accented phenomena of structural 
hardening-embrittlement, with high risks of fragile breakage.  

Figure 6 shows the estimator variations of local hardening ΔHV1 according to braze-welded variants used for 
the realisation of heterogeneous galvanized steel-aluminium alloy joints.  

 
Figure 6 Histogram estimators of hardness values 

By analysing these data, it is noted that the ΔHV1 estimator calculated between areas BMsteel-WELD 
(represented with green colour) generally presents higher values, over 50 %, at analysed variants ( with the 
exception of variant 2) attesting development between these areas of some structural hardening phenomena. 

10 m 
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3.3. Static testing of traction 

These tests were carried out on flat specimens according to SR EN 12797:2002. 

Variation of shear strength, Rf calculated for heterogeneous overlapping braze-welded joints with CMT or 
CMTP process based on maximum breaking force, F determined by the tensile test is shown in Figure 7. 

 
Figure 7 The histogram of shear strength values 

Analysing the variation Rf = (braze-welded variation) it is observed that the highest values of the shear strength 
occur in variant’s 4a and 8b, over 80 MPa, and the lowest values occur in variants 1 and 3 ( under 78 MPa). 
In variation 8a there is a big difference between the minimum value, of 73 MPa and the maximum, of 80.5 MPa. 

4. CONCLUSION 

The designed factorial experiment allowed the defining of optimal process parameters in order to achieve 
heterogeneous braze-welded joints of galvanized steel - Al alloy with thickness of 1 mm. 

Macro and micrographic examinations have demonstrated that joints made at optimum process parameters 
have an appropriate geometry, without metallic continuity defects. 

The estimator values of hardening and shear strength attest that the brittle fracture of the CMT/CMTP braze-
welded joints is reduced. 
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Abstract  

Two welding schemes of single and double pulse were used for the resistance spot welding of DP1000 dual 
phase steel. The changes in the mechanical performance and variant pairing of martensite under two different 
welding conditions were scrutinized. It is demonstrated that, although both welds fail in pull-out failure mode, 
double pulse welding enhances cross-tension strength and energy absorption capability of the weld compared 
to single pulse welding process. Double pulse welding effectively changes the microstructure of the fusion 
zone. While the fusion zone of single pulse welds has a typical microstructure of columnar grains, the initial 
fusion zone of double pulse welds is subdivided into two zones: the outer recrystallized layer composing of 
martensitic microstructure formed within the equiaxed prior austenite grains, and the inner part of columnar 
grains resulted from the rapid solidification process of resistance spot welding. Orientation imaging microscopy 
results show that the recrystallized layer of double pulse welds exhibits a lower fraction of high-angle grain 
boundaries and coarse structure of Bain groups.  

Keywords: Dual phase steel, resistance spot welding, cross-tension test, orientation imaging microscopy 

1. INTRODUCTION  

Advanced high strength steels (AHSS) including dual phase (DP) steels belong to a new generation of steels 
which are extensively used in automotive industries to design the car body structure. Their use has been 
readily increasing over the years, mainly because of their mechanical performance offering both high strength 
and good formability. They provide a group of advanced engineering materials for next reduction of car body 
weight in order to enhance fuel economy without compromising on safety. Dual phase (DP) steels with a 
microstructure consisting of martensite and ferrite are commonly used for safety parts in car bodies, e.g. 
bumpers, and side impact beams etc. [1].  

Resistance spot welding (RSW) is the predominant joining technique in automobile body production with a 
typical vehicle containing 4000 ~ 5000 spot welds. However, it has been reported that for AHSS of strength > 
800 MPa, the cross-tension strength of the RSW joints tends to decrease with increasing tensile strength of 
the base material [2]. This is due to the relatively high level of alloying elements in combination with an 
increasing stress concentration at the weld nugget circumference during loading. Higher hardenability of these 
steels combined with the ultra-fast cooling cycle of RSW may lead easily to the formation of martensitic 
microstructure with higher brittleness. Due to lower fracture toughness of nugget, crack can easily propagate 
through the weld causing brittle fracture during cross-tension test [3-5].  

In this investigation, single and double pulsed schemes were applied in order to study the change in the 
mechanical properties and microstructural evaluation of resistance spot welded DP1000 steel. The effects on 
the mechanical properties were studied using cross-tension tests and Vickers hardness measurement. 
Furthermore, orientation imaging microscopy (OIM) was used to investigate the crystallographic features of 
the formed martensite and their effect on the mechanical performance of the weld. 
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2. EXPERIMENTAL 

The material examined was dual phase 1 GPa (PD1000) AHSS sheet of 1.5 mm thickness. In order to study 
the effect of welding scheme on the microstructural and mechanical characteristics of the welds, two welding 
schedules, a single and double pulse weld schemes, were applied. Figure 1 shows a scheme of the welding 
schedules for single and double pulse processes.  

   

Figure 1 RSW scheme for single pulse weld (a) and double pulse weld (b) 

The OIM characterization was carried out by electron back scatter diffraction pattern using a Philips ESEM-
XL30 scanning electron microscope equipped with a field emission gun operating at 20 kV. 

Vickers micro-hardness measurements were performed at 200 g load for a loading time of 15 s. In order to 
evaluate the mechanical performance of the welds produced by different welding scheme, cross-tension tests 
were performed for both single and double pulse welds (150 × 50 mm samples).  

3. RESULTS AND DISCUSSION 

Figure 2 depicts representative load-displacement curves of single and double pulse welds. Double pulse 
welds exhibit better mechanical performance as the average maximum load increases from 9.2 kN for single 
pulse weld to 11.7 kN for double pulse weld. Moreover, the average energy absorption rises from 55.3 J for 
single pulse welds to 75.2 J for double pulse welds.  

 

Figure 2 Representative load-displacement curve of single and double pulse welds in cross-tension test 

The nugget size of both welds is ~7 mm, ruling out possible effect of the weld size on the mechanical behaviour 
of the welds. Cross sections of fractured samples after cross-tension test are shown in Figure 3, together with 
an insert, indicating the fracture path of the welds. It should be noted that a single pulse weld shows a typical 
fusion zone (FZ) microstructure with columnar grains resulting from the rapid solidification process of the RSW. 
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In the case of double pulse weld, the initial FZ structure of the first pulse is subdivided into two zones: the inner 
part composed of columnar grains, and the outer layer that has an equiaxed microstructure. The dashed lines 
in Figure 3b indicate the boundaries of the inner part and outer layer. In the case of the single pulse welds, 
failure occurs at the coarse grain heat affect zone (CG-HAZ) adjacent to the FZ. On the contrary, two failure 
zones are associated with the double pulse welds. On the left side, failure occurs close to the weld nugget as 
the crack penetrates a small distance in the Rex-zone and then is redirected towards the sheet thickness. On 
the right side, fracture originates at sub-critical heat affected zone (SC-HAZ), outside the weld nugget and 
close to the base metal leading to creating a lip.  

  

Figure 3 Cross sectional view of cross-tension tested single pulse weld  
(a) and double pulse weld (b) with an insert schematically showing the fracture path 

Figure 4 depicts the measured Vickers hardness distribution across the different microstructural zones of the 
welds. As illustrated, there is no big difference between the hardness of FZ for the single pulse weld and FZ2 
of double pulse weld. However, the Rex-zone of double pulse weld shows significant reduction in hardness 
compared to its corresponding area in the single pulse weld. Another characteristic of hardness distribution is 
that both welds show softening in the SC-HAZ with respect to the base metal with the hardness value of 303 
HV. Obviously, the degree of softening is more pronounced for the double pulse weld, with a minimum 
hardness level 260 HV versus 281 HV in the SC-HAZ of the single pulse weld. 

 

Figure 4 Microhardness profile of the single and double pulse welds 

Figure 5a and 5b depict the corresponding kernel average misorientation (KAM) maps of the two welds. The 
local residual strain could be safely explained by KAM map as an increase in the strain leads to an increase 
in the local lattice rotation. As illustrated in Figure 5a, the KAM value for single pulse weld decreases with 
moving over CG-HAZ towards FZ, and then increases again in the FZ. For double pulse welds, the lowest 
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KAM values are achieved in the Rex-zone (Figure 5b). Thus the FZ2 with a higher residual strain is surrounded 
by a recrystallized shell that has a lower residual strain. For both samples, the outer CG-HAZ far from the 
nugget shows the highest KAM value that indicates the highest residual strain. 

   

Figure 5 Kernel average misorientation map of single (a) and double (b) pulse weld 

The fracture toughness of martensitic microstructure is strongly affected by its resistance to transgranular 
fracture as the main fracture mode in lath martensite [6]. Transgranular fracture results from rapid propagation 
of crack along a particular crystallographic plane [7]. For high strength steels with a BCC structure cleavage 
fracture occurs on {100} planes [6]. It was reported that high density of high-angle grain boundaries with 
misorientation larger than 45° enhances the toughness of HAZ of low carbon steel [8]. 

       

 

Figure 6 Inverse pole figure maps of CG-HAZ of single pulse weld (a), CG-HAZ (b)  
and Rex-zone (c) of double pulse weld, with prior austenite grain boundaries shown in black lines. 

Misorientation angle distribution of three zone (d) 
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Figure 6 shows the inverse pole figure maps and misorientation distribution of CG-HAZs and Rex-zone of the 
two welds. Prior austenite grain boundaries have been shown in bold black line. As illustrated, finer structure 
of prior austenite grains is formed in the CG-HAZ of double pulse weld. Misorientation distribution reveals that 
the fraction of low angle grain boundaries is higher in the CG-HAZ of the single pulse weld compared to that 
of the corresponding area of the double pulse weld. In contrast, the CG-HAZ of the double pulse weld shows 
the strongest peak at the high-angle grain boundary range (> 47°) and the smallest fraction of low angle grain 
boundaries. Furthermore, the Rex-zone of the double pulse weld is composed of a microstructure with a high 
fraction of low-angle grain boundaries and low fraction of high-angle grain boundaries. 

Considering K-S orientation relationship between austenite and martensite phase, the variants belonging to 
different Bain groups are coloured in different hue in Figure 7a-c. White and black lines are imposed to the 
maps indicating the low-angle (5 - 15°) and high-angle (> 15°) grain boundaries, respectively. Prior austenite 
grain boundaries are shown in bold black lines. The colour coding applies to each prior austenite grain 
separately. As it can be seen, variants that belong to different Bain groups keep high misorientation angle in 
between, whereas variants within one Bain group have a low misorientation angle. Furthermore, the density 
of low angle grain boundaries (white lines) is higher in the CG-HAZ of single pulse and Rex-zone of double 
pulse weld as opposed to the CG-HAZ of double pulse weld. Obviously, much finer Bain groups are formed in 
the CG-HAZ of double pulse weld compared to the CG-HAZ of single pulse and the Rex-zone of the double 
pulse weld. It is clear that the thermal cycle of welding in the CG-HAZ of single pulse and Rex-zone of double 
pulse leads to the formation of a structure that shows stronger variant selection as the dominant intervariant 
boundaries are those belonging to the same Bain group. On the contrary, blocks of martensite in the CG-HAZ 
of double pulse weld are misorientated with high-angle boundaries as the most of variants belong to different 
Bain groups. 

 

Figure 7 Bain maps of martensite in CG-HAZ of single pulse weld (a), CG-HAZ (b) and Rex-zone (c) 
of double pulse weld. White lines indicate low angle (5-15°) and black lines are high angle (> 15°) 

boundaries. Prior austenite grain boundaries are shown in bold black lines. 

The microstructural characteristics and fracture behaviour of the resistance spot welded DP1000 steel samples 
can be summarized as follows. Both welds fail in pull-out failure mode. However, in the single pulse weld, 
failure occurs in CG-HAZ, whereas in the case of double pulse weld, on one side of the weld, crack propagates 
small distance into the Rex-zone and then is deflected to the CG-HAZ. Rex-zone has coarse structure of Bain 
groups and low fraction of high-angle grain boundaries. However, this area is thick enough and contains 
reasonable number of equiaxed prior austenite grains containing packets and Bain groups that are effective in 
arresting the crack propagation. Thus, cracks are supposed to deflect towards CG-HAZ since it is forced to 
cross over several equiaxed prior austenite grains in the Rex-zone. Prior austenite grains are finer at the CG-
HAZ of double pulse weld and lead to smaller packets of martensite. Besides, variant pairing in this zone 
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results in the evolution of martensitic microstructure with finer Bain groups. On the other side, failure occurs in 
the severely softened SC-HAZ which results in the reduction in stress concentration at the weld edge during 
cross-tension test. 

4. CONCLUSION 

The effects of welding parameters on the cross-tension strength, failure behaviour and microstructural 
evolution of DP1000 steel were investigated. Two RSW processes with single and double pulse current were 
applied. Maximum load increases from 9.2 kN for single pulse processed weld to 11.7 kN for double pulse 
processed one. The absorbed energy of the single pulse welded sample at maximum load is 55.3 J. This value 
rises to 75.2 J with applying the second pulse. Besides, double pulse welding leads to more pronounced 
softening at the SC-HAZ. 

It was found that the weld scheme strongly affects the crystallographic features of martensite phase that forms 
at different weld zones. Grain- boundary characterization shows that a low fraction of high-angle grain 
boundaries and coarser structure of Bain groups are formed in the Rex-zone of double pulse welds. Finer 
structure of prior austenite grains, martensite packets and Bain groups are formed in the CG-HAZ of double 
pulse weld. Better mechanical properties of double pulse weld can be attributed to several softening of SC-
HAZ, and to the formation of thick Rex-zone with equiaxed structure of prior austenite grains and fine structure 
of high-angle Bain groups in CG-HAZ. 
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Abstract  

Nanoporous ceramic products from pure aluminum oxide were fabricated by plasma spraying method. The 
deposition process consists of passing of sprayed material particles with high velocity through plasma flow and 
subsequent coating of these particles on the surface of rotating metal forming mandrel. The products 
manufactured by standard techniques of plasma spraying have low thermal conductivity and selectively high 
gas permeability. The material of these products has a heterogeneous phase composition which is formed 
during the high speed cycle of heating and cooling when aluminum oxide particles passing through a stream 
of air plasma. Aluminum oxide particles in the composition of the material of products are in the alpha state 
and also in the beta- and gamma states. Reduction in porosity of products to nanoscale values (100-250 nm) 
and translation of material of plasma sprayed oxide product into single-phase alpha-state leads to a sharp 
increase in its thermal conductivity. By varying the sintering modes it is possible to fabricate nanoporous 
products with desired values of thermal conductivity. Products from this material may be efficiently used in 
special electrometallurgy as containers for growing single crystals, in chemical industry, in mechanical 
engineering, instrumentation and special equipment, as well as in medicine and biotechnology. 

Keywords: Nanoporous ceramics, aluminum oxide, plasma spraying 

1. INTRODUCTION 

Ceramic products, manufactured by plasma spraying from pure oxides, are used in electrometallurgy, 
medicine, chemical and electronic industry, special machinery, etc. Such products possess high chemical 
inertness, heat resistance, geometric dimensions precision and have no warping at high temperatures. Due to 
these properties ceramic products are widely used as containers and crucibles for growing single crystals from 
various metals and alloys, including chemically active [1-5]. One of the most important advantages of the 
plasma spray method of ceramic products manufacturing is the possibility to regulate the values of thermal 
conductivity in a wide range.  

The present research aimed at solving the problem of thermal conductivity regulation by creating of specified 
porosity value in plasma sprayed products from aluminum oxide.  

2. MATERIALS AND METHODS 

The commercially available alumina powder (>99.5 wt. % Al2O3) with an average particle size of 32 m was 
used as feedstock material. Optical image of raw powder is presented in Figure 1. Products manufactured by 
spraying methods in most cases represent axially symmetrical bodies (tubes, crucibles, etc.). The spraying 
deposition process consists of passing of sprayed material particles with high velocity through plasma flow and 
subsequent coating of these particles on the surface of rotating metal forming mandrel. For manufacturing of 
ceramic containers was used plasma spraying setup UPN-350 (Russia). Steel mandrel used as a forming 
surface. Design of the plasma jet implemented a scheme with a rotating anode. Compressed air used for the 
plasma gas. Spraying scheme is shown in Figure 2.  
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Figure 1 Optical image of alumina powder used for plasma spray deposition (200) 

 
Figure 2 The scheme of spray deposition 

Deposited preform was sintered in chamber resistance furnace “Nabertherm” (Germany) with changing of 
sintering temperature within 1200-1400 °C on the set program. Phase composition of raw material and finished 
product was determined using X-ray diffractometer D8 Advance (Bruker AXS) and ICDD PDF-2 
crystallographic database. Porosity of deposited products was evaluated by the method of X-ray computed 
tomography using inspection system GE Phoenix Nanomex. The microstructure of the material was observed 
using ST-60 optical microscope.  

Density of material was determined by hydrostatic weighing with calculation the total volume occupied by pores 
in the investigated sample. Thermal conductivity was evaluated at steady-state one-dimensional thermal field 
in the flat sample and at temperature on the hot side of the sample from 400 to 1350 °C. For determining 
thermal conductivity was used special experimental set-up, consisting of the working chamber, temperature 
and water flow control systems, measuring devices. Summary of test method is measurement of heat flow by 
the water flow calorimeter.  

50 m  
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3. RESULTS AND DISCUSSION 

The appearance of plasma spray deposited products is shown in Figure 3. Geometric dimensions of products 
precisely reproduced the dimensions of master-model (mandrel). Heating-cooling cycles in the temperature 
range from 20 to 1400 °C did not lead to warping of the products and did not change their geometric 
dimensions.  

 
Figure 3 Plasma sprayed products from aluminum oxide 

It was found that the entire source sprayed material consisted of the α-modification of chemical compound 
Al2O3. Passing through the plasma flow has changed the phase composition of the material. Immediately after 
spraying the material was represented by a set of structural modifications of aluminum oxide: α-modification - 
8.0 ± 0.1 %, δ-modification - 28.7 ± 0.3 %, γ-modification - 63.3 ± 0.4 %. Obtained product was porous; the 
volume occupied by pores in the sprayed product is 18.9% of the total volume of the product. Pores are 
uniformly distributed in the volume of the ceramic product. Pore size reached values over 500 nm. Subsequent 
heat treatment resulted in decrease in pore sizes to nanoscale values (100 - 250 nm).  

Figure 4 shows the X-ray tomographic sectional image of plasma spray deposited product from aluminum 
oxide after sintering. The porosity in this picture marked with small blue dots and fragments. The volume 
occupied by the pores in the sprayed product is 9.2 % of the total volume of the product. 

It was found that the thermal conductivity of the deposited material from aluminum oxide directly depends on 
the volume occupied by the pores in material. The smaller the pore volume, the higher will be the value of 
thermal conductivity of material products. Adjusting the porosity of the material products allows widely change 
the thermal conductivity of the deposited material. By varying the sintering modes it is possible to fabricate 
nanoporous products with desired values of thermal conductivity. In this research, reduction in the porosity of 
alumina ceramics has resulted in an increasing of the thermal conductivity more than ten times (Table 1). 
Thermal conductivity of the deposited alumina products is further increased if all material transferred into 
single-phase α-state [6]. In this case range of thermal conductivity variation can reach several orders of 
magnitude.  
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Figure 4 X-ray tomographic sectional image of plasma sprayed aluminum oxide product 

Table 1 Density and thermal conductivity of alumina product after spray deposition and sintering 

Specimen state Density, g / cm3 Thermal conductivity, W / m·K 

As-deposited 3.42 0.35 

Deposited and sintered 3.95 30 

4. CONCLUSION 

Plasma spraying of pure oxides allows obtaining nanoporous ceramic refractory products with a set value of 
the thermal conductivity. Reduction in porosity of products to nanoscale values and translation of material of 
plasma sprayed oxide product into single-phase α-state leads to a sharp increase in its thermal conductivity. 
Range of thermal conductivity variation can reach several orders of magnitude. 
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Abstract  

Compatibility of structural materials with a coolant, in conditions relevant to power plant operation, is a field of 
research of primary importance to nuclear safety. The current work describes the behaviour of T91 steels, 
under such conditions. Three-point-bend specimens were pre-stressed up to yield strength and subsequently 
exposed to lead-bismuth eutectic (LBE) in static conditions for 2000 hours. The aim was to identify the 
susceptibility to crack initiation in the selected experimental conditions. Post-test examination by means of 
SEM equipped with EDX demonstrated the formation of oxide scales without any trace of crack initiation. The 
oxide was characterised by a two-layer structure. By FIB cutting, lamellas were produced and analysed in 
HRTEM. EELS technique was used for elemental evaluation of the oxides. Characteristics of the oxide and its 
interface with the steel were thoroughly characterised. 

Keywords: Ferritic-martensitic steel, lead-bismuth eutectic, oxidation, FIB lamellas  

1. INTRODUCTION  

Materials interaction with Heavy Liquid Metals has been a topic of wide interest for several years [1] because 
of their potential use in energy-related applications, due to their optimal thermal and neutronic properties. In 
general, the issue of materials interaction with HLM is the focus of many studies with relation to phenomena 
such as mass transfer through dissolution and liquid metal embrittlement (LME). 

Oxide scales are known to be able to prevent the direct contact with the liquid metal. Their stability and long 
term protective properties depend on the oxygen content in the environment and mainly on the composition 
and microstructure of the steel exposed. 

This work focuses on the fundamental understanding of mechanisms of interaction of the ferritic-martensitic 
steel T91 in PbBi eutectic under constant load after long term exposure. The oxygen contained in the liquid 
metal was sufficient to grow an oxide on the steel and thus preventing dissolution and LME crack initiation. 
The oxide developed on the steel was characterized by TEM with the use of lamella prepared by a FIB lift-out 
technique. 

2. EXPERIMENTAL 

MATERIAL.The ferritic-martensitic steel T91 (Grade 91 Class 2/S50460) of nominal composition (wt. %) Fe-
8.9Cr-0.9Mo-0.4Mn-0.2Si-0.2V was produced by Industeel, Arcelor Mittal group [1]. The material was 
normalized at 1150°C for 15 min with the subsequent water cooling to the room temperature and finally 
annealed at 770°C for 45 min, slow cooling in the air. The typical microstructure formed by this heat treatment 
consists of laths of martensite and original austenitic grains.  

SPECIMENS. Specimens were fabricated by means of wire cutting using electrical discharged machining 
(EDM). The surface was ground to 600 grit finish. Flat smooth specimens of dimensions 14.9x3x1 mm3 were 
designed to fit the holders. The specimens were cleaned by acetone in an ultrasonic bath, then mounted into 
holders and pre-loaded (Figure 1). Six specimens were loaded to the Yield Strength, YS. The load was applied 
by tightening the holder screw at room temperature, the respective elastic deflection was calculated according 
to the ISO7539-2: 1989. 
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Figure 1 - Schematic and picture of specimens in the holder 

EXPERIMENT Pre-loaded specimens were inserted in the PbBi at 350°C for 2000 hour exposure in a static 
tank. The concentration of dissolved oxygen in the liquid PbBi was changed by dosing of gases. The content 
was monitored by using oxygen sensors (Bi/Bi2O3); the measured concentration was oscillating in the range 
of 10-7-10-5 wt. %. 

EXAMINATION: After exposure, the specimens were observed and analysed in a dual beam FIB-SEM system 
LYRA3 GMU (fy TESCAN). The sample surfaces with cracks were recorded in a secondary electron mode at 
working voltage 20 kV and electron beam current ~1 nA. The FIB milling and polishing procedure using Ga+ 
ions at working voltage 30 kV and ion beam currents ~1 nA and ~0.2 nA carried out to create a lamella. A 
standard FIB lift-out technique was used for the TEM lamella preparation. TEM observations of the lamellas 
were carried out in the JEOL JEM 2200FS Field Emission Transmission Electron Microscope operated at an 
accelerating voltage of 200 kV. The composition of different features was analysed by electron diffraction, EDS 
and confirmed by EELS technique. 

3. RESULTS 

After 2000h exposure to PbBi eutectic at 350°C, the T91 developed an oxide up to 1.5m with a two-layer 
structure (Figure 2) which prevented the direct contact with the liquid metal. The oxide prevented both 
dissolution and crack initiation. The applied experimental conditions were not sufficient to crack the oxide layer. 
Observation of the surface of the specimens did not evidenced any cracking (only localized macro-defects due 
to specimens handling). Moreover, observation and elemental analyses of their cross-section by a qualitative 
EDS line scan highlighted the enrichment of the internal oxidation zone in Cr and the outer layer in Fe. The 
external part also contained embedded Pb clusters. No cracking was observed in the cross-sections. 

a) SEM cross section 

 

b) EDS line scan position on the no stress zone 

 

 
Figure 2 - SEM image of T91. Cross-section with a qualitative EDS line scan. 

Loading direction 

 

Loading 
direction 

Specimens 
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Figure 3 - A) STEM image of T91 lamella with highlighted oxide layers (white dotted lines) and diffraction 
patterns; B) STEM-EDS qualitative elemental maps showing the distribution of Cr, Fe, O and Pb in the 

selected area 

For a deeper understanding of the formed oxide and its structure and composition, FIB in situ lift-out technique 
was used to produce lamellas for the TEM examination. In order to reduce contingent artefacts and obtain fine 
surface on FIB cross-section plane, the surfaces for FIB sectioning were protected by a thin platinum layer 
and, in addition, the last FIB milling steps were carried out with the lowest possible ion beam current. 

In the lamella there were areas that were about 100nm thick (or thinner), which was confirmed by TEM. These 
areas were used for the TEM analyses. 

The TEM examination of the lamella (Figure 3) confirmed a general microstructure of the ferritic martensitic 
steel T91 matrix and the two-layer oxide. Figure 3 highlights, with the use of Scanning Transmission Electron 
Microscopy (STEM), the layers with dotted white lines. The inner oxidation zone was characterized by 
elements Fe-Cr-O with a typical spinel structure, FeCr2O4 (Figure 3A, bottom diffraction pattern). The outer 
layer, with a typical diffraction pattern of magnetite, Fe3O4, (Figure 3A, upper diffraction pattern) contained Pb 
particles. EDS mapping (Figure 3B) was used to visually highlight the presence of the main alloying elements, 
combined with oxygen and the presence of pure Pb in the outer magnetite. The red square in Figure 3A 
highlights the position of the map, confirming that this is mostly the oxide (O enrichment in all the EDS scanned 
area), with a clear distinction for the outer layer that contains only Fe. Element which is slightly depleted in the 
spinel area, where Cr is abundant.  

200 nm 
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Spinel 

Magnetite 

PbBi 

200nm 

200nm 

A 

B 

B B B B 
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4. DISCUSSION 

Cracks were not observed in any of the specimens. The absence of cracking in these conditions is possibly 
due to lack of wetting and the fact that only small plastic strain corresponding to YS was applied. It is a known 
assumption that oxides prevent dissolution of steels in the liquid metal and also form a barrier preventing 
wetting, which is being considered as one of pre-conditions for the LME initiation. Moreover, another 
characteristics of the LME is its occurrence in the regime of higher plastic deformation, which was out of the 
scope of this study and was not applied.  

Oxidation of the steel T91 in contact with oxygen containing PbBi was extensively studied [2-5]. It was stated 
that the outwards diffusion of Fe to form Fe3O4, leaves an accumulation of vacancies in the Fe-Cr alloy. The 
fast growth also accounts for the formation of pores and the presence of small amount of Pb embedded in the 
outer oxide. As a consequence, the spinel layer growth is established by oxygen transported across the defects 
in the outer magnetite layer. The Fe-Cr spinel growth rate was found to be linked to the magnetite growth rate 
[3] and consequently also limited by the iron diffusion in the oxide scales lattices [4]. Therefore, the limiting 
mechanism is the iron diffusion that allows the creation of available space for the Fe-Cr spinel growth [3]. 
According to these assumptions, the Fe-Cr spinel layer thickness depends on the capability of magnetite 
formation, which is also affected by the microstructure of the surface layer. In fact, an inward oxidation may 
take place due to fast oxygen diffusion along the grain boundaries and defects. Due to the fact that grain 
boundaries can serve as high-diffusivity paths for reactive elements in polycrystalline materials, the grain size 
of the substrate plays an important role for the diffusion controlled oxidation behaviour of steels. The uneven 
metal/oxide interface indicate an internal/intergranular oxidation mechanism by which the scale grows inward. 
Therefore, the thickness of the internal oxidation is greatly affected by the microstructure but also by the oxygen 
activity in the environment, which drives the element inwards.  

Embedded intrusions of pure Pb in the outer, fast growing Fe3O4 have the potential to create internal stresses 
in the fast growing Fe3O4 layer and with time it might favour damage. In fact, it was observed that 
dissolution/damage of the oxide was already ongoing (bottom of Figure 4a) despite the fact that the system 
was a static liquid. The Pb cluster may play an active role on accelerating the process. The reason why the 
intrusions are of pure Pb are assumed to be related to the thermodynamic state of the PbO, which is possibly 
present in forms of particles in the liquid metal since the beginning of the test. This oxide particles might be in 
contact with the clean, original surface (during filling of the static tank, the PbO would have the tendency to 
deposit on all the steel surfaces). The fact that the oxide particles are rich in oxygen and the outward diffusing 
Fe would be fast reacting with the oxygen in the environment, could create even an acceleration of the Fe3O4 
formation. 

5. CONCLUSION 

Specimens of the ferritic-martensitic steel T91 pre-stressed to the yield strength were exposed to static PbBi 
at 350°C for 2000h.  

A two-layer continuous oxide grew on the surface of the specimens. The outer layer was magnetite and the 
internal a Fe-Cr spinel. 

No oxide failure was observed and this prevented any local wetting during the exposures up to 2000 hours. 
No LME crack was observed in any of the bend specimens on the surface and the corresponding cross 
sections.  

The absence of the LME in these test conditions is most likely a consequence of (i) the absence of wetting and 
(ii) the absence of a local high plastic deformation. 

Pb clusters in the Fe3O4 might be generated by particles of PbO sticking to the original surface of the steel, 
embedded during fast growing of the Fe3O4. 
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Abstract 

Bearing steels are used for parts requiring high hardness and wear resistance. Conventional hardening of the 
bearing steel is carried out at 840-870 °C after reheating of the initial structure of ferrite and carbides. At this 
temperature range, the hardening occurs without dissolving all carbides in order to prevent coarsening of 
austenite grains and formation of cracks in martensite plates following the quenching step. In this study, it is 
aimed to obtain a fine-grained initial microstructure by full austenitization before the hardening. For this 
purpose, the full austenitization followed by quenching to obtain the initial microstructure of martensite. Finer 
and well-distributed carbides reprecipitate at the hardening step. The effects of initial microstructure on phase 
transformations have been investigated by hardening of different initial microstructures namely martensite, 
martensite and carbide or ferrite and carbide, followed by the hardening treatment at 840 °C using a precision 
dilatometer. Accordingly, different heat treatment cycles also helped to understand the effect of different 
austenitizing temperature before the hardening step. Dilatometer tests were carried out to determine to critical 
transformation temperatures. Microstructural characterization and image analysis performed to determine the 
carbide size and distribution depending on the initial structure. It was found that phase transformations and 
final carbide size and distribution are sensitive to the initial microstructure.  

Keywords: Bearing steels, dilatometry, martensite, austenitization, carbide 

1. INTRODUCTION 

100Cr6 steel is most widely used material for bearing components. The traditional production cycle of bearing 
steels includes intercritical austenitization to avoid grain coarsening and cracks formed during quenching. 
However, intercritical austenitization causes to remaining coarse spherical carbides in the final microstructure 
of bearing parts. 

Carbide dissolution has been extensively studied in the past years [1-5], although to a less extent as its 
precipitation depending on initial microstructure. These studies conclude that partial dissolution of carbides 
occurs by fast carbon diffusion at the austenite boundaries, followed by C and Cr diffusion-depended slow-
dissolution mechanism. Different initial microstructures were also studied. For example, cementite coarsening 
and dissolution from pearlitic initial microstructure were investigated by Zhang et al [5]. They have found that 
cementite is fully spheroidized and partially dissolved during intercritical austenitization at 860 °C.  

In our previous study [6] it has been shown that martensitic initial microstructure yields more homogenous 
distribution of carbides compare to traditional cementite and ferrite initial microstructure. It is well known from 
tempering of steels that fine and well-distributed carbides can be obtained from carbon supersaturated 
martensite including former austenite grain boundaries, packets, blocks, sub-blocks and laths as well as 
geometrically necessary dislocations [7]. In this study, new heat treatment cycle (NHTC) aimed to provide 
more nucleation sites for carbide precipitation. Two step hardening process involves fully austenitization 
followed by a partial austenitization at two phase region. Thus, a martensitic structure obtained in the first step 
provides a higher density of nucleation sites for the second step of partial austenitization. 
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2. EXPERIMENTAL 

The chemical composition of the bearing steel is given in Table 1. Dilatometer experiments, microstructural 
characterization and image analyses were done to investigate carbide dissolving and precipitation behaviors. 
ThermoCalc software [8], and TCFE6 database [8] were used to calculate phase diagrams.  

Table 1 Chemical composition of investigated steel (wt. %) 

C Si Mn P S Cr Mo Al Cu 

0.97 0.20 0.28 0.024 0.011 1.39 0.01 0.005 0.12 

The investigation of transformation behavior was performed in dilatometer tests. The experiments were done 
in DIL 805 A/D quenching dilatometer (Baehr-Thermoanalysis GmbH) using cylindrical specimens of 4 mm 
diameter and 10 mm in length. Samples were prepared from the hot rolled steel after spheroidization treatment. 
To produce different initial microstructures before the hardening step, 3 different cycles were applied in 
dilatometer experiments as explained in Table 2. The thermal cycles had been performed under vacuum of 
10-4 mbar. Helium was used for cooling. Dilatometric data was recorded using digital acquisition system with 
computer.  

Table 2 Dilatometer heating and quenching cycles. 

 Pre-Heat Treatment 

Heating rate, holding time and temperature, 
cooling rate 

Hardening 

Heating rate, holding time and temperature, cooling 
rate 

Conventional - 5K/s, 10 minutes at 840 °C, 125 K/s 

NHTC 1 5K/s, 15 minutes at 1050 °C, 125 K/s 5K/s, 10 minutes at 840 °C, 125 K/s 

NHTC 2 5K/s, 15 minutes at 920 °C, 125 K/s 5K/s, 10 minutes at 840 °C, 125 K/s 

Microstructural investigations were carried out using a light microscope and a scanning electron microscope 
(SEM) after etching with 4 % Picral. SEM micrographs were taken at 15 kV with the Jeol JSM 6060. 
Measurement of carbide size was performed with image analysis software using the line intercept method 
according to ASTM E112-12 [10] and at least 1000 carbides from different regions have been measured for 
each sample. 

Offset method was applied to the dilatometric curves and Ac1b and Ac1e temperatures were determined as 
explained in our previous work [11]. According to Yang and Bhadeshia [12], the offset method can be used in 
determining critical temperatures from dilatation curves. 

3. RESULTS 

3.1. Phase transformations according to thermodynamical calculations  

In order to establish intercritical and full austenization temperatures of investigated structure (see Figure 1a), 
the phase diagrams were calculated using ThermoCalc (Figure 1b). According to calculations in Figure 1b, 
the Ac1b and Ac1e temperatures (the starting and finishing temperatures of ferrite dissolution) are 737.91 ºC 
and 747.20 ºC, respectively. All cementite phase should be dissolved at temperatures above 898.57 ºC. Thus, 
920 ºC and 1050 ºC were selected to dissolve cementite and austenitization for the pre-heat treatment steps 
in Table 2. For the hardening step, 2.65 vol. % of cementite should be present at 840 ºC according to the 
thermodynamical calculations. 
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Figure 1a Microstructure of spheroidizated 100Cr6 bearing steel showing cementite particles in ferrite 
(etchant: picral) 

 
Figure 1b Calculated phase volume fractions for 0.97 C-0.20 Si-0.28 Mn-1.39 Cr steel using Thermo-Calc 

3.2. Phase transformations in dilatometer tests  

Figure 2 shows the dilatometric curves during heating from room temperature to 1050 °C. The Ac1b and Ac1e 

temperatures (the starting and finishing temperatures of ferrite dissolution) are clearly indicated by the 
inflexions of the curves. Thus, it can be assumed that ferrite has transformed completely upon heating and the 
microstructure consists of cementite and austenite during isothermal holding at 840 °C. 

3.3. Phase transformations during partial austenitization at the hardening step 

The precision dilatometer made also possible to detect small variations in strain during austenitizing at 840 °C. 
Figure 3 shows the dilatometric curves during the austenitization for the hardening step. In the conventional 
method, the expansion continues at constant temperature as a result of spheroidized carbide dissolution. The 
dissolution is rapid in first 200 s and then its dissolution gradually slow down. However, pre-heat treated 
samples at 920 and 1050 °C present different behavior. The curves begin with similar rapid increase, but 
contraction occurs after approx. 100 s. This could be explained by precipitation of cementite.  
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Figure 2 Dilatometric curve during heating to 1050 °C 

 
Figure 3 Dilatometric strains during intercritical annealing treatments at 840 °C for 600s with different initial 

microstructures 

3.4. Phase transformations during intercritical annealing treatment  

Figure 4 shows the change of carbide size in final microstructures of conventional, NHTC1 and NHTC2 
samples as well as in microstructure of spheroidizated 100Cr6 steel. It was observed that the coarse carbides 
(average 0.36 µm) were formed in the spheroidized 100Cr6 steel hardening annealing was not performed. By 
applying the conventional heat treatment, these carbides are partially dissolved and the carbide size varies on 
a wide scale. The average carbide size is 0.32 µm. On the other hand, it is seen that much finer carbides are 
obtained in NHTC 1 and 2 compared to the conventional heat treatment cycle. Before the hardening step, pre-
heat treatment was used to dissolve the carbides. Thus, much finer carbides are formed during the hardening. 
Pre-heat treatment at 920°C, the average size of carbides is 0.18 µm. It is clearly seen that very few carbides 
are formed over 0.25 µm. Pre-heat treatment at 1050°C, the average carbide size is 0.15 µm. Almost half of 
the carbides appears to be under 100 nm and below. According to this, it can be said that increasing the 
austenitization temperature increases the solubility of cementite and finer carbides can be obtained. 
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Figure 4 Change of carbide size depending on initial microstructure 

4. CONCLUSION 

It is known that the hardening annealing decreased the carbide size of spheroidized 100Cr6 bearing steel. In 
this study, a new heat treatment cycle was developed which consist of the austenitizing before hardening. The 
initial microstructure was altered with the new heat treatment cycle. The effect of the initial microstructure on 
the carbide size was investigated. 

It was observed that apply a full austenitization before the hardening step is an effective method to obtain finer 
carbides.  

On the other hand, the effect of austenitization temperature on carbide size was studied. Phase 
transformations examined by thermodynamic calculations and dilatometer tests to set up critical temperatures. 
920 and 1050 °C were selected for the pre-heat treatment steps. The average sizes of carbides are 0.18 µm 
pre-treated at 920 °C and 0.15 µm at 1050 °C. Almost half of carbides were formed at 100 nm and below as 
the smallest average carbides were obtained at 1050 °C.  
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Abstract 

Since thermomechanical treatments favors increased mechanical resistance characteristics of steels, their 
degree of alloying is lower than that of any found in normalized steel with the same strength. 

This is extremely beneficial for the weldability of steel.  

To prevent the emergence of unwanted micro-structural transformations in welded joint areas (softening HAZ, 
excessive growth of grain, cold cracking), the present paper aims to implement the narrow gap MAG welding 
of steel X65M intended for the fabrication of pipeline used for the transportation of natural gases and liquid 
hydrocarbons.Root and hot layers have been welded using MAG spray arc and the fill layers in pulsed current. 

The equipment used is composed by an internal welding machine for the root pass and external one with two 
welding torches for the fill layers, where the pipe is fix and the welding equipment make an downward vertical 
orbital movement around the pipe. 

Assessments of the quality of the welds are done through macro- and micrographic analyzes in conjunction 
with sclerometer examinations. 

Keywords: Thermomechanical treatment, steel, MAG welding, narrow gap 

1. PROBLEMS THAT OCCURS DURING THE WELDING OF THE THERMOMECHANICAL STEELS 

Processing the steels through thermomechanical treatment in the first stage involves heating them at a 
temperature of approximately 1200°C, their plastic deformation in a normal way and then a final reduction of 
the section achieved at a lower temperature than specific conventional processing. 

By carrying out plastic deformation at a lower temperature is promoting a finishing of crystal grains and a delay 
of precipitation phenomenon of secondary phases. The final hot deformation processing may continue at 
temperatures below the critical point Ar3, the transformation of austenite to ferrite. Obviously, this requires 
powerful equipment which is capable of deforming the steel to lower working temperature. Research has 
shown that the optimal size of precipitation of secondary phases and their high degree of dispersion is achieved 
when the final rolling temperature is about 775 °C [1, 2]. For some thermomechanically treated steels last 
cooling stage (during which the transformation is completed) is conducted with a cooling rate higher than that 
specific for the air, but below the critical speed of hardening of steel considered to favor the formation of bainite 
and, or in place of formation of the ferrite. 

There are many thermomechanically methods of treatment, three of which are illustrated in (Figure 1). The 
first two (types I and II Figure 1) do not contain an accelerated cooling from the end of deformation and they 
mainly differ by the temperature range in which this happens. A third method (type III Figure 1) comprises an 
accelerated cooling after controlled rolling process. 
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Figure 1 Cycles of conventional and thermomechanically controlled processing  

High strength microalloyed steels are characterized by low carbon content (0.03 - 0.12 %) and microalloying 
with TI, Nb, V in sufficient amounts to cause the formation of carbonitrides. The thermomechanical treatment 
applied ensures high mechanical characteristic compensating the effect of lower carbon content through a 
hardening by precipitation and a finishing of crystalline grain size. 

Effective combination of thermal and mechanical strictly controlled procedures was increased by accelerated 
cooling method development (AC / ACC) which allows the control of microstructural transformations not only 
during the hot deformation, but until the final stage of product development. As a result, the mechanical 
strength characteristics of thermomechanical steel are superior to those with specific structural state obtained 
by normalization. Therefore, the degree of alloying of thermomechanical steel is lower than of a normalized 
steel of the same strength. This is extremely beneficial for the weldability of the steels. It is previsioned at some 
grades of steel, toughness characteristics of the heat affected zone can become even better than the 
normalized state, and they can be obtained at higher values of welding heat input. Therefore, it is considered 
that some of the thermomechanical steels with a low carbon content (0.03-0.12 %) and the alloying elements 
(< 0.1 %), resulting in a carbon equivalent Ce (IIW) < 0.40 %, compared to the specific one of the low alloy 
steels, Ce ≥ 0.40 %, they have a better welding behavior than many of low alloy steels. As results of a lower 
Ce, welding preheat temperature is lower by 75 °C compared to the conventionally processed steels [3, 4]. 
However, in the majority of thermomechanical steels welded, there is a certain degree of softening of the heat 
affected zone. Recommended welding conditions to avoid the risk of cold cracking is determined taking into 
consideration besides the equivalent carbon equivalent Ce, hydrogen level and geometry of the weldment. In 
many cases it is used as assessment criterion the value of hardness. 

This paper aims to find a way to limit unwanted microstructural transformations in welds concomitant with 
increasing productivity by implementing a narrow gap MAG welding of a thermomechanical steel intended for 
the pipeline fabrication used in the oil and gas industry. 

2. EXPERIMENTAL PROCEDURE 

The objective of the research aims to achieve narrow gap welds, with multiple layers, one pass per layer for 
pipelines with a diameter of 42 '' (1066.8mm) and a wall thickness of 31.75mm. 
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The chemical composition of the base metal is shown in (Table 1), and the filler materials selected in the 
(Table 2) and (Table 3). 

Table 1 Chemical composition of the base metal API 5L X65MS 

X65MS C% Si% P% S% Ti% Mn% Ni% Cr% Al% Mo% V% Nb% 

Actual values 0.043 0.32 0.007 0.0009 0.013 1.53 0.018 0.19 0.038 0.008 0.004 0.044 

Composition 
as per API 5L 0.1 0.4 0.016 0.002 0.04 1.6 0.3 0.3 0.06 0.15 0.08 0.05 

Note: API Specification 5L: Specification for Line Pipe (API 2012) - American Petroleum Institute Standard 

Table 2 Chemical composition of welding consumable for root passes  

ER70S-G C% Si% Mn% P% S% Cr% Mo% Ni% Cu% V% Ti% 

Actual 
values 0.07 0.74 1.57 0.013 0.008 0.04 0.01 0.04 0.11 0.01 0.05 

Note: ASME Sect.II Part.C does not specify the chemical composition 

Table 3 Chemical composition of the welding consumable for fill layers 

ER70S-6 C% Si% Mn% P% S% Cr% Mo% Ni% Cu% V% 

Actual values 0.07 0.95 1.69 0.011 0.010 0.03 0.01 0.05% 0.10 0.01 

Composition as per ASME 
Sect.II Part.C 

0.06-
015 

0.8-
1.15 

1.4-
1.85 0.025 0.035 0.15 0.15 0.15 0.50 0.03 

General note: single values represent the maximum values of each component 

Selected joint configuration is shown in (Figure 2). 

 
Figure 2 Joint configuration 

The basic characteristics of this welding process can be summarized as follows: 

 Narrow gap, the groove faces are slightly open 
 Reduced deformations due to the joint configuration 
 Multiple welding layers with one pass per layer 
 The heat affected zone (HAZ) is reduced due to low welding heat input 
 The process offers a lower cost due to decreasing consumption of filler metal and welding time 
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The main disadvantages of narrow gap MAG welding are: 

 Welding equipment is more expensive due to the welding head control and of the wire feeding system 
 Increasing the risk of defects (lack of fusion) as increasing the thickness of components 
 The difficulty of removing defects due to limited accessibility 

The welding process used is MAG in arc spray for the root & hot passes and pulsed current for the fill passes. 
Welding operation was done with the welding equipment from CRC Evans, composed of a internal welding 
machine, IWM and a welding machine for the exterior of the pipe, P625, with two wires for filling, where the 
pipe is fix and the welding equipment produce an orbital vertical downward movement around the pipe. 

Internal Welding machine IWM used to weld of the root pass inside the pipe, uses 6 welding heads, from each 
3 heads welding simultaneously and produce also an orbital vertical downward movement around the pipe 
(Figure 3).    

 

Figure 3 Internal welding of the root pass 
using 3 welding heads simultaneously 

Figure 4 External welding using 2 welding  
heads 

External welding machine, P625, produce an orbital vertical downward movement around the pipe being 
provided with two welding heads where the pipe is fixed (Figure 4). 

Welding parameter values are shown in the (Table 4) below: 

Table 4 Welding parameters 

Weld Layers Current  (A) Voltage (V) Travel Speed (cm / min) Heat Input (KJ/cm) 

Root 198 20 80 2.97 

Hot 282 24.5 128 3.23 

Fill 215 22 50 5.67 

Cap 132 22.5 48 3.71 

3. EXPERIMENTAL RESULTS 

3.1. Metallographic examinations 

To emphasize the structure of the welded joints it was applied macroscopic test for overall examination and 
microscopic test for detailed examination. To carry out the respective tests, the test coupons were cut 
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transversally that is perpendicular to the longitudinal axis of the weld. Such samples allow getting information 
regarding the welding configuration, HAZ expansion, areas with segregation and welding defects onto the 
length direction. In (Figure 5) is exemplified a macroscopic image of a cross-section of the welded joint, 
remarking that both the weld and HAZ have a suitable geometry and they are free of defects such as porosity, 
cracks, lack of fusion etc. HAZ's width is uniform throughout the section and the direction of crystallization in 
welding is the normal one that coincides with the heat dissipation. 

 

Figure 5 Macroscopic cross-sectional image of the welded joint. Chemical reagent: NITAL (10cm3 
HNO3, 100 cm3 ethyl alcohol) 

Microscopic investigation in the welding areas demonstrate that in the welding a dendritic structure is formed, 
the grains growth are produced in a columnar manner (Figure 6), and in the HAZ occurs ferritic-bainitic 
structure with a fine precipitation of second phase (Figure 7). 

  

Figure 6 Welded seam microstructure x 200 Figure 7 HAZ microstructure x 200 

The processes that occur on heating for welding are determined by the heating rate, the maximum temperature 
reached in each area and the holding time above the critical points Ac3 and Ac1. Increasing the heating rate 
and reducing the holding time above the critical temperature Ac3 limits the diffusion processes and conditions 
or keeping undissolved carbonitrides particles in austenite or formation of a non-homogenous austenite. The 
presence of undissolved carbonitrides or chemical non-homogenous of austenite decreases its stability at 
transformation during the subsequent cooling, favoring the apparition of ferrite (Figure 7). At the same time, 
due to the large thickness of the pipe wall, the rate of cooling increases, so that local, some micro-areas of 
non-homogeneous austenite is transformed into bainite (Figure 7). 
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3.2. Sclerometric examination 

Vickers hardness measurements on the cross section of the welded joint were made at a distance of 2 mm 
from the bottom (Figure 8) and top (Figure 9) of the pipe. Their degree of scattering confirms the structure 
heterogeneities in the weld and HAZ. Slightly higher values of hardness in the weld are explained by a larger 
content of carbon equivalent of the weld metal as compared with the parent metal. 

Figure 8 Variation of the hardness along the cross 
section of the weld from the internal region of the 

pipe 

Figure 9 Variation of the hardness along the cross 
section of the weld from the external region of the 

pipe 

4. CONCLUSIONS 

Technological version of narrow gap MAG welding allows use a low energy input, low distortion, a small HAZ 
and a flawless macrostructure of metal continuity.  

The microstructure of the weld metal has a dendritic appearance with a columnar crystal grain oriented and 
HAZ is constituted by a ferrite matrix with small amounts of bainite and carbonitrides of alloying elements. 

Hardness gradient on the cross section of the welded joint demonstrates that technological regime adopted 
prevents the softening of HAZ and assures good mechanical properties. 
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Abstract 

Martensitic stainless steels are broadly used in industrial applications where demands for higher strength, 
hardness and wear resistance are high. Tempering treatment plays a crucial role on performance of such 
steels. The present work is focusing on the effect of tempering on carbide precipitations and properties of AISI 
410 SS. Samples were austenitized at 980 °C for 30 min and tempered over the range of 300 - 732 °C. During 
tempering the carbides precipitated in the form of M23C6 and Fe2C in varying amount. During tempering at 300 
°C, the ultimate tensile strength (UTS) increased to 1100 MPa from 741 MPa (as-received). Tempering in the 
range of 500 - 550 °C yields segregation of carbides at the grain boundaries and overall matrix. UTS was found 
to be reduced gradually from 944 MPa to 641 MPa when tempering temperature increased from 550 to 732 
°C attributed to the coarsening and spheroidization of carbides. The optimized tempering condition was found 
out to be 550 °C for enhanced strength-ductility ratio, i.e. UTS 944 MPa with fracture strain of about 11 % and 
hardening effect (515 Hv).  

Keywords: Martensite, tempering, segregation, hardening 

1. INTRODUCTION 

AISI 410 martensitic stainless steels are prominent materials for industrial applications in steam and marine 
turbine blades, steam generators, pressure vessels, cutting tools, pumps, valves and diesel engines [1-2]. 
Heat treatment can be adopted in this type of steels to acquire good mechanical properties and corrosion 
resistance. It can also be used in low or high operating temperature conditions. They are cheaper and cost 
effective as compared to duplex stainless steels. The mechanism of hardening of steel requires austenitizing 
and quenching to room temperature [2]. In austenitizing, the material is heated above the upper critical 
temperature to form full austenite phase and in quenching, the austenized material is subjected to rapid cooling 
to room temperature. This results in phase transformation from austenite to martensite metastable phase. The 
martensite obtained after hardening is extremely brittle with high internal stresses which can result in heavy 
distortion and cracking during service. To improve the properties of the hardened steel, normally tempering is 
carried out. Tempering can be achieved by heating a hardened steel to a temperature below the lower critical 
temperature followed by cooling in air to room temperature. Depending upon required mechanical properties 
the tempering temperature can be varied from 100 to 750 °C [3]. The tempering time for steels are generally 
1 to 2 hours and can be increased up to 4 hours for bigger sections. During tempering process, structural and 
thermal stresses are the two common internal stresses formed. The structural stresses resulted from increase 
in volume of the specimen due to transformation of austenite to martensite and whereas thermal stresses are 
because of rapid decrease in the temperature of the samples. The control of austenitizing temperature and 
cooling rates are very vital to avoid the internal stresses which in turn can cause severe distortion and cracking. 
In this tempering process there are two different types of carbide precipitates occur out of parent martensite 
phase, one is iron rich (Fe2C) and other is chromium rich carbides (Cr23C6). During tempering the unstable 
phases obtained after hardening changes to stable phases such as tempered martensite and ferrite carbide 
mixture. The type and mechanism of precipitation is very vital for research as this is an operating temperature 
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range often used in industrial applications. It has been reported that the plain 13 Cr steel shows slight 
secondary hardening at about 500 °C due to heterogeneously distributed Cr23C6 carbides [1]. Although there 
are several reports on tempering behaviour of such steels, yet there is no clear understanding about 
microstructural variation and its correlation with properties, particularly on 410 SS steels, during tempering. 
There has been a drastic variation from one report to another. One of the major issues is with very less amount 
of fracture strain (ductility). This is still an active area of research and present investigation attempts to address 
some of these issues. Objectives of the present investigation is to study the microstructural evolution during 
tempering process on 410 SS. Attempts have been made to obtain optimized condition to enhance the fracture 
strain while having relatively higher tensile strength. 

2. EXPERIMENTAL PROCEDURE  

2.1. Material and heat treatment process 

 
Figure 1 Schematic diagram of conventional tempering heat treatment 

AISI 410 martensitic stainless steels specimen with the dimensions of 250 × 250 × 12 mm3 was received from 
IGCAR Kalpakkam, India. As received material had a history of normalized (980 °C) and tempered (730 °C) 
condition. Chemical analysis was carried by ICP OES with test method IS-228. The chemical composition of 
AISI 410 SS: 0.098 wt. % C, 12.12 wt. % Cr, 0.97 wt. % Mn, 0.41 wt. % Si-0.011 wt. % P 0.01 wt. % S and 
balanced Fe. The samples were heated to austenitization temperature at the rate of 10 °C/min in a muffle 
furnace at 980 °C for a soaking period of 30 min to obtain homogenous austenite microstructure. Then, the 
samples were quenched in water to ensure fully martensite microstructure. After quenching samples were 
specifically tempered separately at 300 °C, 550 °C and 732 °C for 1 hr. followed by air quenching - see 
Figure 1. 

2.2. Characterization 

The metallographic samples were prepared carefully by polishing techniques and then etched with the reagent 
mixture of 100 ml ethanol and 5 g FeCl3 (tempered martensite). The microstructures were investigated by an 
optical microscope. The base martensite phases were analyzed by using X-ray diffraction (PANalytical, model: 
X’pert PRO) with Cu kα radiation. The selected specimen was investigated for carbide precipitates in more 
detailed manner by using transmission electron microscopy (TEM 2100 JEOL with LaB6 filament) equipped 
with energy dispersive X-ray spectroscopy (EDS). The thin foils for TEM were prepared by twin-jet 
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electropolishing in a solution of 10% perchloric acid and 90% methanol operating at 25 - 28 V for about 8 
seconds at room temperature. TEM specimens were observed using an acceleration voltage of 200 kV. 
Microhardness measurement was carried out using Vickers hardness tester (Durascan) under a load of 200 g 
and dwelling time of 5 s. The result includes after averaging over hardness values (Hv) taken at ten different 
locations on each samples. The tensile specimen was prepared according to ASTM standard E8 with 
dimension of 100 mm overall length, 32 mm gage length, 6 mm width and 4 mm thickness, were machined 
and then tempered in different temperatures. The strength and fracture strain were evaluated through tensile 
testing by using computer-controlled servo hydraulic material testing system (MTS model no 370.10) with 
capacity of 100 KN. All specimens were pulled to fracture at a nominal strain rate of 5 × 10-4 s-1 under ambient 
conditions. The load-displacement curves were recorded to determine various tensile properties such as 0.2% 
yield strength (YS), ultimate tensile strength (UTS) and fracture strain [4]. 

3. RESULTS AND DISCUSSION 

The XRD analyses of tempered samples at different temperatures were shown in Figure 2. Three major 
martensite peaks α’ {101}, {200} and {211} were observed (Figure 2). The martensite α’ {101} peak is shifted 
to lower values of 2θ (Figure 2) for all tempering temperatures with respect to as quenched samples. 

 
Figure 2 XRD patterns for 410 SS for different tempered conditions 

For tempering conditions of 300 and 550 °C have lower angle peak shift with respect to as quenched samples 
and which can be considered that the lattice parameter was increased due to inadequate carbon diffusing out 
of martensite matrix at lower tempering temperatures [5]. Peak shift to higher value of 2θ with respect to lower 
tempering temperatures (300 and 550 °C) suggests lower lattice parameter indicating stress relaxation with 
compressive residual stress of the martensite matrix [6]. Sharpening of the peaks was also reported and as 
there was no lattice strain during high tempering temperature (732 °C).  
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Figure 3 SEM pictures, in BSE imaging modes and optical micrograph, of a) As Received b) As Quenched 

FESEM and Optical microscope exposed the microstructure of AISI 410 martensitic stainless steel in Figure 3 
for as received and as quenched conditions. Figure 3b shows as quenched condition in which more needle 
like structure with predominant laths and grain boundaries of martensite phase were visible as compared to 
as received samples (Figure 3a). Figures 4 shows bright field TEM micrographs of the microstructure of the 
samples after conventional tempering at 300, 550 and 732 °C respectively. The two different types of 
precipitate morphology were observed i.e. globular marked as A and rod like structure marked as B as shown 
in Figure 4b. Globular precipitate were identified as M23C6, in which M is indicated as strong carbide-forming 
element as Chromium (Cr) and Fe2C precipitate as rod like structure which was identified by energy dispersive 
X-ray spectroscopy (EDS) shown in Figure 4b.  

 

Figure 4 Bright-field TEM of tempered AISI 410 martensitic stainless steel a) 300 °C showing marked B-
ferrite carbides (rod like structure) with EDX, b) 550 °C showing both Marked A-coarse Cr23C6 (globular 

structure) and B-ferrite carbides with EDX, c) 732 °C showing Marked A-coarse Cr23C6 with EDX spectra 
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The martensite nature changes when tempering takes place. The process of tempering at 300 °C relieves 
internal stresses due to structural and thermal stresses. For tempering treatment at 300 °C only small amount 
of iron rich carbides could be identified as shown in Figure 4a. Iron rich carbides such as Fe2C predominately 
co-exist at this low tempering temperature [7]. But whereas for further tempering at 550 °C segregation of both 
iron rich carbides (Fe2C) and chromium rich carbides (Cr23C6) coexists in the material (Figure 4b) with more 
dislocation density. The EDS shown in Figure 4b proves about the types of carbide present in 550 °C tempered 
condition. Both Cr23C6 and Fe2C types of carbides precipitate together in the range of 500 - 600 °C tempering 
temperatures [8]. In this tempering range the hardening takes place due to uniform dispersion of carbide 
particles with in martensite lath structure that hinder dislocation motion, thereby strengthening [9]. The bright 
field images of TEM shows high dislocation densities with the martensitic lathes and needle like structure all 
over the matrix. Domination of chromium rich carbides takes place at higher tempering temperature of 732 °C. 
In Figure 4b and 4c, the size of the globular precipitate (Cr23C6) marked as A increased from 500 nm to 1000 
nm diameter. The coarsening of chromium carbides takes place due to ease of diffusion of carbon at higher 
tempering temperatures from martensite matrix (Figure 4c). Also, it has been found by TEM in Figure 4c that 
the Cr23C6 carbides precipitating preferentially at the martensite lath boundaries but whereas iron rich carbides 
are all over the martensite matrix shown in Figure 4a. The precipitation preferably co-exists along the 
martensitic lath boundaries due to the greater ease of diffusion in these regions which was caused by 
tempering treatment. The release of strain, which causes high density of dislocation all over the martensite 
matrix, can be seen in TEM bright field image (Figure 4c).  

The graphical representation in Figure 5a shows hardness variation as function of tempering temperature. 
The hardness of as received samples was obtained as 223 Hv. In as quenched it shows higher hardness value 
of 512 Hv. Hardness of the steel usually decreases during tempering. But the hardness was almost retained 
till 550 °C (Figure 5a) which could be attributed to the increased amount of carbides as shown in Figure 4b. 
At higher tempering temperature of 732 °C the hardness dropped drastically, attributed to the softening of 
matrix due to out diffusion of carbon and coarsening of carbides.   

 

Figure 5 a) Microhardness profiles variation as a function of tempering temperatures, b) Nominal stress-
strain curves of different tempered conditions 

The tensile test results have been shown in Figure 5b. As received samples shows yield strength of 583 MPa 
and UTS (Ultimate tensile strength) of 741 MPa and 20.1 % strain. For as quenched condition the strength 
was increased to UTS of 1079 MPa. During tempering at 300 °C, showcased higher UTS of 1108 MPa but 
material almost lost its ductility with diminished strain of 6.51 % as compared to 550 °C tempered with 
insignificant change in UTS of 944 MPa with higher strain of 12.03 %. The tensile strength fracture was retained 
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without losing the strain (12.03 %) for 550 °C which could be associated to the finer and higher amount of 
precipitates (Figure 4b). The finer precipitates always help in strengthening mechanism. Due to softening of 
the matrix at higher tempering temperature of 732 °C showcased lower UTS of 641 MPa with higher ductility. 
This softening was caused by coarsening of carbides and carbon diffusing out due to high temperature. 

4. CONCLUSION 

Air hardenable AISI 410 martensitic stainless steels have lath structure in as quenched condition. The 
existence of both type of carbide precipitates found to be stable at 550 °C tempering treatment which gave 
significant strength to ductility ratio. The TEM bright field images confirms precipitation of carbides in the form 
of ferrite carbide (Fe2C) and chromium carbide (Cr23C6) is attained together at intermediate tempering 
temperature of 550 °C. It showed superior tensile strength of 944 MPa with 12 % fracture strain (ductility) and 
supreme hardness of 515 Hv. The AISI 410 SS exhibits the best comprehensive mechanical properties when 
samples were tempered at intermediate temperature of 550 °C. 
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ELECTRO SLAG REMELTING METHOD 

CHUMANOV Ilya1, ANIKEEV Andrey1  

1South Ural State University (national research university), Faculty of Engineering and Technology, Zlatoust, 
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Abstract 

Electro-slag remelting is one of the ways to produce high-strength metal. For this reason, the machining of 
electro-slag metal is difficult. It is especially difficult to obtain a cylindrical billet from such a metal. The article 
proposes a new, high-tech method for producing a hollow ingot with electro-slag remelting. The production of 
a hollow ingot is obtained by introducing the melting point during melting. Due to the difference in the melting 
point between the base metal and the phase introduced, the low-melting material is forced into the center of 
the ingot that is being formed. The course of the experiment, the investigation of the macro- and microstructure, 
and the mechanical properties of the resulting hollow ingot are described. 

Keywords: Electro-slag remelting, low-melting material, hollow ingot, macro and micro structures,  
         mechanical properties 

1. INTRODUCTION 

For producing hollow billets by electro-slag firmware are known methods [1-3], as well as the means of 
obtaining a hollow ingot electro-slag remelting with rotation of the electrode relative to its axis [4]. These 
methods have several disadvantages. The complexity and high cost of manufactured construction is one of 
the main disadvantages, since the implementation of this method is through the use of additional copper 
elements, the special pan and sewed mandrel. The second drawback of the proposed method is then, that the 
use of the lifting mechanism linking mandrel and the mechanism of rotation of the electrode without increasing 
the frame which moves the carriage with the electrode holder, will have to reduce the length of the electrode 
being melted, which later will affect the size of the final ingot. The increase in frame is not always possible in 
consequence of the limited height of the room. In addition to structural disadvantages, the disadvantages 
include the complexity of calculation of the dependencies of the speeds of rotation of engines, responsible for 
the upgrade of sewed mandrel, the lowering of the remelted electrode and the rotation speed of the electrode 
when switching to a different size of electrode being melted. As the transition to another size will necessitate 
changes in the design sewed mandrel. In this article we propose and implement a method of obtaining a hollow 
work piece by feeding fusible phase with higher density than the metal being melted in the molten slag bath 
with the subsequent removal of this element from the pierced billet heating furnace. 

2. TECHNOLOGY OF OBTAINING A HOLLOW INGOT 

Was developed a technology for producing a hollow ingot at the Department "Machinery and Technology of 
Production of Materials", branch of South Ural State University in Zlatoust, the essence of which is that, during 
the process of electro-slag remelting at the same time with the remelted electrode into a bath of molten slag is 
fed fusible phase which will be melted along with the electrode. Supply low-melting phase is carried out in the 
course of the melting process, fusible phase should have a higher density relative to the metal being melted. 
Low-melting phase will be deposited in the center of the ingot under the action of gravitational forces, a high 
rate of crystallization of the ingot during electro-slag remelting will not allow it to spread throughout the body 
of the ingot. As fusible phase you can use such elements as lead, bismuth. Developed two technologies supply 
low-melting phase. In the first case, the remelted electrode is wound heating wire containing powder with a 
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fusible element (Figure 1a). In the second case, the fusible phase is supplied directly into a bath of molten 
slag through a portioning device (Figure 1b).  

 
Figure 1 Proposed ways to introduce a low-melting phase: a - remelted electrode of wrapped wire containing 
low-melting phase; b - submission of low-melting phase by means of a metering device directly into a bath of 

molten slag 

It is necessary that the speed drops of the metal being melted and a drop of low-melting phases were the 
same, to ensure the deposition of low-melting phase in the center of the ingot. The calculation of the radius of 
the metal droplets passing through the liquid slag was produced in the work [5]. On the basis of this calculation 
was the calculated radius of the metal droplets and droplets of the fusible element: 
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where VM - the amount of metal droplets’ (cm3); 
ρM - the density of the metal (g/cm3); 
ρS - the density of the slag (g/cm3); 
С0 - the hydrodynamic drag coefficient; 
FM - the area of the frontal section of the drop (cm2); 
ω - the speed drops (cm/sec). 

Express the volume of the metal droplets and its area of drag using the formula (1): 
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The drag coefficient is equal to: 
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Where the Reynolds number for a spherical droplet is: 
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Thus substituting equations (5), (6) and (9) into equation (4), we get:                                                                                                                  
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where ƞ - the coefficient of dynamic viscosity of slag (g/cm·sec). 

Substituting the known values of the densities and coefficients in the formula (10) we calculated the radius of 
the droplet of liquid metal, as well as the radius of the fusible phase. Based on this calculated weight of the 
feed granules of low-melting phase to ensure he was 4 gr. The ingot is placed in a heating furnace and 
subjected to heat treatment after completion of the melting process. Previously on the furnace hearth heating 
furnace installed capacity with stops at which the ingot is positioned vertically. Places where low-melting phase 
melts and are derived from the ingot into the container during the heat treatment, thus forming large porosity 
inside the body of the ingot. 

3. EXPERIMENT 

The process of obtaining a hollow ingot was performed on the electro-slag remelting of A-550. Lead was used 
as a low-melting phase, the melting point of which is 327 °C. The lead was in the form of wire, chopped into 
pieces with a thickness of 7 mm and a length of 10 mm length allows avoiding occurrence of short circuit 
between the electrode and the mold which would have led to a frenzy of lead, and destabilization of the current 
regime. With 1020 °C was used as a refiner of metal. The length of the fuse being melted part of the electrode 
was equal to 72 cm and its diameter is 40 mm, his weight 6.91 kg. Supply of lead was carried out after the 
formation of the liquid metal pool and was carried out throughout the bottoms in equal portions; the total number 
of submitted lead was 0.98 kg. The process of electro-slag remelting was carried out using flux ANF - 6 in the 
number 0.98 kg, the chemical composition of the flux are presented in Table 1. The flux was subjected to pre-
calcinations at 400°C for removal of residual moisture within 3 hours. 

Table 1 The chemical composition of the flux ANF-6 [%] 

CaF2 Al2O3 CaO SiO2 С TiO2 Fe2O3 S P 

Basis 
25 No more 

31 8 2.5 0.10 0.05 0.5 0.05 0.02 

Melting was conducted on the current (1.2 kA) to reduce the waste of lead. Melt duration was 11 minutes, 
during melting, an increase in speed of melting of the electrode, that is probably due to increase in the hot 
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zone inside the crystallizer. The length of the obtained ingot was 140 mm and diameter 90 mm. The mass of 
the obtained ingot was 7.34 kg. The ingot had a satisfactory surface quality with no visible defects. After the 
ingot was removed from the mold it was cut along a vertical plane. The mass of the remaining secondary flux 
amounted to 0.635 kg. Then, the ingot was subjected to heat treatment. The mass of melted lead was  
0.424 kg. Characterized by large porosity in the center of the ingot after a thermal heat treatment, what is the 
consequence of the leakage of the fusible phase. Then we study the microstructure of the ingot (Figure 2) in 
three areas: on the inner surface of a hollow work piece, in the middle, outside. Research of microstructure of 
obtained ingot showed that the number of inclusions of lead a greater number is directly on the inner surface 
of a hollow work piece, while on the outer surface of the hollow billet in the number of particles is minimal. 

 

Figure 2 Sawn ingot after the heat treatment, as well as photographs of the microstructures of the inner part, 
of the central and external 

4. CONCLUSION 

This article presents a method of producing a hollow pipe blank by the method of ESR with the introduction of 
low-melting phase with its subsequent removal by heat treatment. Following the thermal treatment of the 
annealed ingot was subjected to easier machining and large porosity also facilitates machining of the inner 
wall of the ingot obtained without much loss of metal. The article presents the result of the analysis of the 
microstructure of the ingot, which showed that a greater number of particles of the fusible phase is 
concentrated on the inner surface of a hollow work piece. 
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TGBJ -THREE GRAIN BOUNDARY JUNCTION - SOLUTION FOR COPPER PLATES NICKEL 
COATED IN THE TUNDISH / CRYSTALISOR CONTINOUS CASTING 
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Abstract  

One solution to overcoming these challenges is to optimize by tailoring microstructures of the copper plates 
used in the new tundish plate’s critical components. An approach that has proven effective in improving the 
thermal resistance of material to intergranular degradation is grain boundary junction in copper (GBJC) [1]. 
Results showed that the triple line tension has a considerable effect on grain growth, particle-boundary 
interactions and void shape, especially for nano-crystalline materials. Copper has been and will continue to be 
vital to thermal transmission and heat transfer applications. The copper plates of a tundish thin slab caster 
coated by electrodeposited Ni (Co) coating presented cracks and small Ni detachments on the meniscus area 
after some charge sequence (7 heats cast). We have observed on the copper plates more cracks and 
detachments of the Ni (Co) coating below the meniscus area. The cracks have mainly longitudinal direction 
and lead to the detachment of the coating. The remaining coating on the area below the meniscus has a dark 
grey colour while where the coating was completely detached the copper substrate presented a yellow colour 
due to the formation of brass alloy. Moreover on the bottom part of the plate some scars are present due to 
the wear between the solidifying metal and the protective coating. The presence of the wear scars on this area 
is normal for the mould plates. Nevertheless, on the same area the protective coating is cracked even if in a 
less intense mode compared to the meniscus area. 

Keywords: Grain, junction, tundish, continual casting, nickel  

1. INTRODUCTION   

1.1. Three grain boundary junction -TGBJ  

TGBJ is a technologically process for optimizing & tailoring the population of “special” boundaries in an effort 
to improve component material performance. The steps used in the general application of grain boundary 
engineering are two-fold. The lines of 
intersection of three grain boundaries are 
called three grain boundary junctions (TGBJ). 
The following assumptions are usually made. 
The system migrates under the action of a 
driving force which is provided by the energy 
°b of the curved grain boundaries. The system 
is considered either as uniform or as 
symmetrical. In a uniform system all three 
grain boundaries (Figure 1) possess equal 
energies and motilities. A symmetrical system 
has two identical curved grain boundaries GB 
1 and GB 2 and a deferent straight boundary 
GB 3. In what follows we consider a 
symmetrical system, since nowadays it is 
usually used in the majority of tri-crystal 
experiments. The relationships between respective grain boundary energies and motilities’ are given by: 

Figure 1 Grain boundary with triple junction TGBJ in 
course of steady -state motion 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

716 

  

1.2. Grain boundaries  

It is possible to describe these distinct grain boundary structures using the so called Concident Site Lattice 
(CSL). Numerous studies [2, 4 -6] have shown that low ∑ CSL grain boundaries (usually ∑ ≤ 28) can possess 
“special” chemical, mechanical, electronic, kinetic, and energetic properties. Of particular relevance to 
industrial materials, these “special” grain boundaries have been shown to display a high resistance, and in 
many cases immunity to: (1) sliding, cavitation and fracture, (2) corrosion and stress corrosion cracking, (3) 
sensitization, and (4) solute segregation. Models have been developed to predict the effect of the special 
boundary population on these various properties. Figure 2 shows an OIM map where the low ∑ CSL 
boundaries are highlighted in colour along with a plot showing the distribution of the special boundaries. 
Generally, materials processing is undertaken without regard to resultant “grain boundary structure 
distributions”, thus producing component materials with highly variable populations of “special” grain 
boundaries (≤ 23 %). 

 
Figure 2 Map-section showing CSL boundaries and the corresponding distribution  

in a copper ultra-thin film 

1.3. Action tailoring force (ATF) for grain boundary migration    

The action tailoring force (ATF), is practically equivalent to the pressure force acting per unit area of a grain 
boundary. It has the dimension of energy per unit volume and appears if the boundary displacement leads to 
the decrease of the total free energy. Theoretically, the gradient of any intensive thermodynamic variable offers 
a source of the action tailoring force: the gradient of temperature, pressure, density of defects, density of 
energy, magnetic field strength. The most frequently used method to study grain boundary motion in bi & tri-
crystals is the displacement of curved grain boundary. In the work case the action tailoring force is provided 
by the reduction of the boundary area. The interaction of the moving grain boundary and the external surface 
of a specimen (drag effect of "surface" triple junction, groove dragging and effect of outer surface anisotropy 
on grain boundary motion) are realized. Theories of triple junction migration have been developed by Gottstein 
et al [3]. But, many issues remain unexplored. Many of them, like the presence of solute atoms or 
crystallography of triple junctions, on triple junction drag can be studied in experiments on tri-crystal only, 
(Figure 3). 

ϒGB1 = ϒGB2 ≡ ϒb ≠ ϒGB3, 
mGB1 = mGB2 ≡ mb ≠  mGB3                                                                            (1) 
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Figure 3 Triple junction drag can be studied in experiments on tri-crystal 

2. RESULTS 

2.1. Superconductivity  

Superconductivity represents the maximum thermos-capacity of the object that depends both on the structure 
and material. We report a carbon nanotube-copper composite (CNT-Cu), exhibiting similar conductivity (2.2-
4.9 × 105 S cm−1) as copper (5.6 × 105 S cm−1), but with a 100-times higher capacity (6 × 108 A cm−2). Our 
laboratory vacuum experiments demonstrate that carbon nanotubes suppress the primary failure pathways in 
copper as observed by the increased copper diffusion activation energy (~2.2 eV) in carbon nanotube-copper 
composite, explaining it is higher - super-conductivity [7, 8]. This is the only material with high conductivity, 
high capacity and high conductibility making it uniquely suited for applications in microscale electronics and 
inverters. This is because the former requires a strongly bonded system, whereas the latter requires the free 
electrons from a weakly bonded system. Achieving high electrical conductivity and supra-capacity in the same 
material has been impossible. Compared with copper, the macroscopic CNT-Cu conductivity (4.9 × 105 S cm−1) 
revealed, exceeded and doubled at 23 °C, above 80 °C and 227 °C, respectively from a one-order-of-
magnitude lower temperature coefficient of resistivity. To understand the high capacity of CNT-Cu composite, 
we performed activation energy (Ea) analysis to evaluate the energy required for Cu diffusion in CNT-Cu 
composite. Our analysis demonstrated that the Ea for Cu diffusion in the composite was ~2.2 eV. In 
comparison, the primary electro-migration failure pathways in pure Cu have much lower Ea, with surface and 
grain-boundary Cu diffusion requiring ~0.56 eV and ~1.20 eV, respectively. Thus, the primary electro-migration 
failure pathways (surface and grain-boundary diffusion) are suppressed by the presence of CNTs. Further, Cu 
diffusion is thus smaller (104 times) in our composite compared with bulk Cu, explaining its high capacity. The 
microscopic CNT-Cu composite fabricated in an identical protocol exhibited a room temperature conductivity 
of 2.2 ± 0.3 × 105 S cm−1. High CNT volume fraction (45 vol. %) resulted in a 42% density reduction (5.2 g cm−3) 
compared with Cu (8.9 g cm−3). Therefore, the specific conductivity for our CNT-Cu composite was 27% higher 
than Cu and exceeded most materials (Au, Ag and Cu) with the exception of Al. The temperature dependence 
of the conductivity, that is, temperature coefficient of resistivity, of the CNT-Cu composite (7.7 × 10−4 K−1) was 
one order of magnitude lower than that of Cu (6.8 × 10−3 K−1), highlighting one benefit of our CNT-Cu 
composite. Consequently, the decrease in conductivity with temperature for the CNT-Cu was far less than Cu, 
and the conductivity was on par at room temperature, exceeded above 80 °C, and was double at 227 °C. This 
feature is important for heavy load applications, because the operating temperature is often higher than 80 °C. 

3. CONCLUSIONS 

We realized measurement of the line tension of grain boundary triple lines. We grew crystallographically 
defined tri-crystals of copper and measured the energy of the grain boundary triple lines with a sophisticated 
technique based on atomic force microscopy. We measure the energy of triple lines in pure copper on the 
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basis of a new theory, regarding the influence of triple lines on the properties of nano-crystalline materials. 
Also, we developed a high-performance copper plates (CNT-Cu) composite that combines the best thermal 
properties of CNT (high ampacity) and Cu (high conductivity). The copper plates are somewhat larger than the 
other, but has the highest thermal integrity, while still offering field reparability for the planar-directional freeze-
casting tech. (PDFC technology) - Using the planar-directional. 

The copper plates are based on the well-established CNT-Cu composite nano-miniature matrix but with an 
insert designed for high speeds. There I s a good new, that our technology continue to evolve and give 
designers new options in meeting ever-increasing data loads. Moreover, the CNT-Cu composite is the only 
material satisfying the ampacity and thermo-conductivity levels stipulated by the siderurgy programs for the 
next applications. 

REFERENCES 
[1] GOTTSTEIN, G. Physikalische Grundlagen der Materialkunde, 2.nd ed. Berlin,Heidelberg :Springer Verlag,  

2001. 145p. 

[2] GOTTSTEIN, G. Struktur und Eigenschaften von Korngrenzen, Vorlesungsskript, Wintersemester, 1982/83 
RWTH. 

[3] HU, W., MOLODOV, D.A., SHVINDLERMAN, L.S., GOTTSTEIN, G. Interface Science, 2000, vol. 8, 335-349. 
[4] BISHOP, G.H .,Jr., HARRISON, R.J., KWOK, T., YIP, S. Simulation of Grain Boundaries at Elevated 

Temperatures by Computer Molecular Dynamics in Progress in Materials Science, Chalmers Anniversary 
Volume, ed. J.W.Christian, P.Haasen and T.B.Massalski, Pergamon Press Ltd., 1981, pp 49-95. 

[5] HARGREAVES, F., HILLS, R.J. Work-Softening and a Theory of Intercrystalline Cohesion, J. Inst. Met., 1929, vol.  
41, pp. 257-262. 

[6] KRONGERG, M.L., WILSON, F.H. Secondary Recrystallization in Copper. Trans AIME, 1949, vol. 185, pp. 501-
514. 

[7] AUST, K.T., RUTTER, J.W. Trans TMS-AIME, 1959, vol. 215 , pp. 119-126. 
[8] PALUMBO, G., AUST, K.T. Materials Interfaces: Atomic level structure and properties. 1st. ed., London: D. Wolf 

and S. Yip, Chapman and Hall, 1989. 190p. 

 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

719 

AN OVERVIEW OF SIGMA PHASE FORMATION IN 317L GRADE AUSTENITIC STAINLESS 
STEEL 

ALTIERI Welder, FALDINI Sonia, VATAVUK Jan  

UPM - Mackenzie Presbyterian University, São Paulo, Brazil 

Abstract 

Austenitic Stainless Steel is known as responsible for the largest manufacturing share of stainless steel. 
Different processes, as well as the addition of alloying elements affects the microstructure, which provides 
specific properties to each steel grade. One of the microstructural characteristics that affects the austenitic 
stainless steels properties is related to the intermetallic phases, especially the sigma phase. Its presence and 
distribution on the microstructure may impair several characteristics of the alloy, such as the reduction of the 
tenacity and ductility, generating important discussions on engineering. The present paper aims to overview 
the effects of the presence of the sigma phase in 317L grade austenitic stainless steel, welded, without and 
with heat treatment at 850 °C and 1080 °C with different exposure times. The effect of the heat treatments was 
followed by the mechanical tests of hardness and tensile strength. The investigation of the evolution of the 
microstructure was accompanied by metallographic analysis in samples in the original condition and after heat 
treatment. The microstructure was revealed by means of electrolytic etching, with subsequent analysis by 
optical microscopy, scanning electron microscopy and energy dispersive spectroscopy microanalysis 
techniques. The presence of stabilizing elements of ferrite, chromium and molybdenum tend to accelerate the 
precipitation of the sigma phase at 850 °C, even at short exposure intervals at this temperature. It was 
observed a greater hardening, by the precipitation of the sigma phase in the welded region, emphasizing also 
that its presence is related to a decrease of the resistance and ductility 

Keywords: Austenitic stainless steel, delta ferrite, sigma phase, welding 

1. INTRODUCTION  

Among the main categories of stainless steels, one may be highlighted as the most produced by the industry 
and for this reason one of the most studied, the austenitic. Different process as well as well as the addition of 
alloying element affects the microstructure, which provides specific properties to each steel grade. One of the 
microstructural characteristics that affects the austenitic stainless steels properties is related to the intermetallic 
phases, especially the sigma phase (σ). The σ phase is a body-centered tetragonal (BCT), with 30 atoms per 
unit cell and its precipitated between 600 °C up to 1000 °C [1] may have increase the hardness and decrease 
the ductility [2], it’s non-magnetic and thermodynamically stable up to 950 °C, temperature that its maximum 
volumetric fraction may be observed [3]. The σ phase formation tend to occur from delta ferrite (δ) presented 
on the microstructure [4], which may be related to the fact of diffusion rates of chromium (Cr) are lower on this 
phase than austenite [5]. Beyond its precipitation from δ ferrite, there is also the eutectoid transformation of δ 
ferrite, which when transformed into σ phase induces the impoverishment of Cr and molybdenum (Mo) 
contents, the same stabilizers elements of δ ferrite, therefore, having in this reaction another phase with low 
contents of Cr and Mo, however with residual nickel (Ni) from δ ferrite, therefore having δ→ σ+γ2 [6]. The phase 
γ2, it is called as secondary austenite due of its chemical composition, which is different from original austenite 
γ [7]. And the last mechanism known tends to occur after δ ferrite consumption, precipitating from austenite, 
once this phase also has Cr and Mo, but the reaction are much slower due to the low diffusivity rates of the 
elements into the compact structure of austenite [8]. 

The Figure 1 shows a 304 grade austenitic stainless steel aged at 650 °C up to 31000 h, evidencing the 
transformation δ→ σ+γ2 [6]. σ phase morphology varies in according to the temperature that its exposed, 
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through the Figure 2 morphological changes on the microstructure may be observed at different temperature 
rates in a duplex stainless steel S31803 [9]. 

 

Figure 1 AISI 304 aged at 650 °C up to 31000h, magnetic etched [6] 

 

Figure 2 Morphology of the sigma phase with respect to the isothermal annealing temperature, S31803 
DSS; (a) 950 °C, (b) 850 °C, (c) 750 °C [9] 

317L grade austenitic stainless steel is well known and applied due to its higher corrosion resistance, 
especially due to the % wt. % of Mo, but whose presence tends to increase the precipitation rates of σ phase, 
especially when exposed at 650 °C and 870 °C [3]. Figure 3 highlights to the σ phase formation in a rolled 
316L grade austenitic stainless steel evidencing its precipitation from δ ferrite, its morphology, the contrast 
between them and the brownish appearance [10].  

In this context, the continuous study upon the effects of σ phase on austenitic stainless steels, both in relation 
to the microstructure and mechanical properties as well as the heat treatment, is deemed opportune. 
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Figure 3 AISI 316L showing σ phase formation from δ ferrite [10] 

2. MATERIALS AND METHODS 

The austenitic stainless steel 317L was welded by gas tungsten arc welding (GTAW) process. The chemical 
composition of base metal, weld consumable and weld metal, by means of x-ray spectroscopy, are shown into 
the Tables 1, 2 and 3, respectively. 

Table 1 Chemical composition of base metal 

wt. % C Mn Si P S Cr Ni Mo 

AISI 317 L 0.018 1.42 0.85 0.017 0.02 17.91 11.31 3.16 

Table 2 Chemical composition of weld consumable 

wt. % C Mn Si P S Cr Ni Mo 

AISI 317 L 0.010 1.50 0.44 0.022 0.010 18.70 13.57 3.54 

Table 3 Chemical composition of weld metal 

wt. % C Mn Si P S Cr Ni Mo 

AISI 317 L 0.021 1.54 0.69 0.018 0.015 18.58 12.58 3.02 

All the samples (before and after heat treatment) were chemically etched by means of sodium hydroxide 
(NaOH - 40 % w / w) using 3V during 10s.  

Heat treatment have been conducted on two different temperatures, 850 °C and 1080 °C, in order to check 
the effects on the microstructure and mechanical properties, by means of tensile test (only samples heat 
treated at 15 and 120 min were tested). The samples were heat treated at 5 min / 2.5 mm [10], starting from 7 
min, doubling the condition of it, up to 480 min, therefore, 7 samples for each temperature. By means of a 
ferritescope the average of δ ferrite, ferrite number (FN), were determined for each condition, being this related 
to the σ phase precipitation on the microstructure. By means of optical microscopy (OM), scanning electron 
microscopy (SEM) and energy dispersive spectroscopy (EDS) the assessments were completed and 
concluded. 

3. RESULTS AND DISCUSSION 

The microstructure on the welded regions presented higher ferrite contents, with a random distribution in the 
austenitic matrix and different morphologies compared to the base metal, due to the dendritic solute 
redistribution related to the cooling rate of the welding process. 
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During the heat treatment at 850 °C, even short times of exposure were sufficient to start the ferrite 
decomposition, probably associated to the σ phase. Figure 4 shows “σ phase” precipitated at 7 and 15 
minutes, respectively. 

  

Figure 4 Welded zone after 7 min exposure and transition, weld/base metal, at 15 min of exposure 

By increasing the heat treatment time morphological changes may been observed, such as coral-like [16], 
without changes on its volume fraction, which means the precipitation is accelerated in the presence of δ  ferrite 
and then it gets stable or so when the initial amount get consumed. Figure 5 shows an EDS analyzes together 
with an OM image, where it may be seen that no morphological changes was observed compared to the 
beginning of heat treatment, but it’s possible to observe through Tables 4 and 5 that δ ferrite have been 
consumed at all and now might have the reaction from γ2 → σ. 

 

Figure 5 AISI 317L during EDS analyzes and OM image on the transition region, weld to base metal 

Table 4 EDS analyzes at 850 °C on 240 minutes of exposure 

Element (w %. %t) Point 01 Point 02 Point 03 Point 04 

Cr 22.68 22.83 18.82 23.18 

Mn -- 1.42 1.48 -- 

Fe 67.14 66.52 67.64 66.62 

Ni 6.16 5.47 9.49 5.58 

Mo 4.02 3.77 2.57 4.62 

FN 1,30 σ 

FN 0 
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Table 5 Average of ferrite number (FN) by means of ferritescope at 850 °C with different time of exposure 

Exposure time (minutes) 

0 7 15 30 60 120 240 480 

Average FN in the weld metal - Heat treatment 850 °C 

8.11 1.30 0.76 0.42 0.16 0 0 0 

Average FN in the base metal - Heat treatment 850 °C 

4.94 1.13 0.56 0.27 0.13 0 0 0 

EDS analyzes in AISI 317L, shown the σ phase formation starting from δ ferrite content, highlighted by points 
1, 2 and 4, showing a higher content of Cr, compared to the point 3, beyond the Mo contents, which once 
again suggest that Mo has an important role on σ phase precipitation, especially when δ ferrite it’s presented. 
In addition, it is possible to observe that the δ ferrite it is totally consumed in about 120 min, but even short 
intervals it has a great decrease, confirming the σ phase as shown on Figure 4.Heat treatment at 1080 °C did 
not present any σ phase precipitation as expected. But an important value may be observed through the Table 
6, δ ferrite content were not totally consumed in the base metal, which may be related to the morphology in 
this area and its distribution. 

Table 6 Average of ferrite number (FN) by means of ferritescope at 1080 °C with different time of exposure 

Exposure time (minutes) 

0 7 15 30 60 120 240 480 

Average FN in the weld metal - Heat treatment 1080 °C 

8.11 2.54 2.07 1.41 0.89 0.42 0.17 0 

Average FN in the base metal - Heat treatment 1080 °C 

4.94 1.62 3.34 3.17 2.87 2.62 2.36 1.80 

In Table 7, may be observed that the samples with higher contents of δ ferrite, without treatment, have got the 
higher tensile strength, followed by those with σ phase precipitation (850 °C), which also may increases the 
tensile strength. 

Table 7 Mechanical properties by means of tensile test 

 
Without 

HT 850 °C - 15 min 850 °C - 120 min 1080 °C - 15 min 1080 °C - 120 min 

Tensile strength (MPa) 677.44 663.13 640.56 579.97 582.88 

Elongation (mm) 11.61 11.98 11.80 13.5 14.82 

Area reduction (%) 64.52 29.06 28.38 65.52 72.1 

Based upon Table 6 data, may be observed that the presence of δ ferrite, at 850 °C, increases the tensile 
strength to the detriment of ductility, but its influence is still lower than that of σ phase. The latter evidenced in 
the small reduction of area that the materials presented, besides to the fact that no uniform behavior during 
the tensile test was observed, especially on the welded region, highlighting to the strain hardening on this 
region. The material heat treated at 1080 °C despite to present lower tensile strength rates, higher ductility 
may be observed, which may be related to the dissolution of δ ferrite in the matrix and no presence of σ phase. 
Results of hardness test comparing to the δ ferrite content, FN are shown in Table 8. It’s evidenced that the 
FN at 850 °C have been reduced on base and weld metal, as well as the hardness have been increased, at 
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1080 °C the FN have been decreased, but with no significate changes on the hardness, compared to the 
original without any heat treatment after welding, 170 Vickers hardness (VH). 

Table 8 Vickers hardness, VH, 1000g 

 Hardness (VH) σ Ferrite content (FN) 

Heat treatment Weld metal Base metal Weld metal Base metal 

1080 °C  - 156 min 193 174 1.85 4.653 

1080 °C  -  120 min 153 180 0.68 3.02 

850 °C  - 15 min 248 224 1.04 1.506 

850 °C  - 120 min 225 227 0.15 0.11 

4. CONCLUSION  

Based upon the studies carried out, as per technical references as well as the results found through the 
techniques used it’s possible to conclude that the 317L grade austenitic stainless steel tends to precipitate σ 
phase at 850 °C even at short times of exposure, which might indicate that its precipitation it’s related to the 
presence of δ ferrite on the microstructure, being it the first mechanisms to precipitate σ phase, once the same 
elements that stabilizes σ phase are those that stabilizes δ ferrite, especially chromium and molybdenum. In 
addition, molybdenum shows an important role as on the σ phase precipitation at 850 °C and δ ferrite formation 
as at 1080 °C to retard the δ ferrite’s reduction. A strain hardening was observed on the welded region, which 
may suggest by comparing the microstructures’ morphology (base vs welded metal), that it’s dimension and 
distribution all over the matrix may influence on material’s behavior, once dendrites formed after weld 
solidification hadn’t a pattern, being neither organized nor spaced among each other, which tends to difficult 
the discordance movement comparing to an organized region, such as the lamellar structure found on base 
metal. Results might also suggest, but it has to be more studied, that σ phase’s presence on the microstructure 
may not affect the mechanical behavior as bad as it was supposed to, apparently related to its disposition and 
morphology in the matrix 
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Abstract  

This article discusses experimental results obtained for elements made of a wear - and abrasion-resistant 
steel, Hardox400, finished using a non-conventional method. The analysis focused on the relationship between 
of the tumbling time and the radius of rounding. The effect of the angle of the cut was also taken into 
consideration. The surface of the finished items was examined with a Nikon MA200 microscope equipped with 
a NIS-elements viewer (version 4.20). The study also involved determining the influence of the tumbling time 
on the relative mass loss and the basic surface texture parameters. The surface texture of the finished 
elements was examined using a Taylor Hobson Talysurf CCI Lite optical 3D profiler. 

Keywords: Tumble finishing, vibratory tumbling, fine machining, Hardox 

1. SURFACE CONDITIONING 

The requirements concerning the aesthetics and corrosion resistance of final products have increased 
considerably in recent years. To improve the quality and surface properties of goods, many manufacturers 
have had to use labour- and cost-intensive methods. From the technical and economical points of view, tumble 
finishing seems an appropriate solution to obtain the required surface quality. Since the technique is becoming 
increasingly common in automated manufacturing systems, it is essential to select the process conditions such 
as the kinematic parameters properly, the type and size of the tumbling equipment, the type and size of the 
finishing media and the type of compound or fluid to achieve different goals [1, 2]. This article discusses the 
use of vibratory tumbling for long time surface finishing of Hardox steel. 

2. VIBRATORY TUMBLING 

Vibratory tumbling, alongside the cutting and processing of erosion, is one of the production techniques of the 
finished products with low surface roughness [3]. Electrical Discharge Machining is often included in the "non-
traditional" or "non-conventional" group of machining methods together with processes such as 
electrochemical machining [4], micro-welding [5], laser cutting [6], water jet cutting (AWJ) [7] and opposite to 
the "conventional" group milling, drilling, turning, grinding [8-10] etc. Vibratory tumbling is a mechanical and 
chemical surface conditioning process during which elements are polished with abrasive media [1-3, 11, 12]. 
The whole load of the parts to be finished and the finishing material is set into motion by the vibration of the 
container; they rub against one another until the required surface is obtained. The helical motion about the 
tumbler axis causes the tumbling material to micro-machine the workpieces [13-16]. If metal media are used, 
the parts may be surface conditioned by micro-kneading [1, 17]. All the processes taking place inside the 
tumbler change the surface texture of the parts [18]. The principle of operation of the vibratory tumbling 
equipment used for the experiments is shown in Figure 1. Tumble finishing is commonly used, for example, 
in jewellery to polish metal items with a complex macro-geometry and semi-precious stones or in medicine to 
polish implants and natural bones [3, 8, 19]. It is also suitable for brightening plastic elements, deburring or 
degreasing. 
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Figure 1 Diagram of vibratory tumbling [20] 

The abrasive material placed in the tumbler helps: 

 remove burrs or flash and round sharp edges (deburring, de-flashing and radiusing, respectively) [16], 
 clean the surface and removing oxide layers or scale (descaling) [21], 
 smooth the surface (reduce surface roughness), 
 produce uniform surface texture [22], 
 prepare the surface for electroplating  
 polish the surface to a high shine (brightening), 
 change the residual stress after heat treatment and welding, 
 strengthen the surface layer, introduce compressive stresses and increase the hardness of the surface 

layer. 

3. EXPERIMENT 

The elements under study were made of a wear - and abrasion-resistant steel, HARDOX 400. The hardness 
of the material ranges from 370 to 430HB [23]. Hardox steel plates, characterised by high hardness, high 
strength and high impact resistance, have a large number of applications, for instance, forestry, earthwork, 
asphalt paving and underground mining [23]. The specimens were in the form of triangular wedges. They were 
prepared using abrasive waterjet (AWJ) cutting so that the edges to be rounded were inclined at 300, 600 and 
900. 

Table 1 Composition of Hardox 400 [23] 

C [%] Si [%] Mn [%] P [%] S [%] Cr [%] Ni [%] Mo [%] B [%] CEV [%] CET [%] 

0.150 0.700 1.600 0.025 0.010 0.300 0.250 0.250 0.004 0.330 0.230 

The tests were performed using plastic media in the shape of triangular-based pyramids (PB40 KT) According 
to the manufacturer’s specifications this type of media is the most effective [23]. It is designed for roughing and 
deburring. FE-L120-B32/R was added as a liquid lubricant (approximately 250 ml). The finishing was carried 
out in a Rollwasch SMD-25-R vibratory tumbler with a 25 dm3 bowl. The tumbling times were: 2, 5, 10, 15 and 
20 hours. 

4. RESULTS 

Before finishing, the triangular workpieces were marked and weighed. Then, they were placed in the tumbler 
and processed for 2, 5, 10, 15 or 20 hours. After the finishing process, the specimens were weighed again. 
The results are shown in Table 2. The relative mass loss, expressed in ‰, was calculated from the mass loss 
relative to the mass (of the part) before the smoothing operation. The results of the measurements obtained 
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with a Talysurf optical profiler are also included in Table 2. According to ISO 25178 defining the 3D areal 
surface texture parameters, Sa is the arithmetic mean height of the surface. Parameters Sz is the maximum 
height of the surface, Sv is the maximum height of valleys and Sp is the maximum height of peaks (difference 
between Sz and Sv) [24, 25] - see also Figure 3.  

Table 2 Material removal rate (MRR) and the surface texture parameters 

Tumbling 
time, hours m1, g m2, g MRR, mg MRR, ‰ Sa, µm Sv, µm Sp, µm Sz, µm 

0 60.6225 60.6225 0.0 0.00 3.41 21.03 19.13 40.72 

2 60.6225 60.5417 80.8 1.33 2.96 14.03 9.27 23.30 

5 60.6108 60.4975 113.3 1.87 2.57 20.34 7.13 27.46 

10 60.5353 60.3715 163.8 2.71 1.98 15.37 7.59 22.96 

15 60.8328 60.6234 209.4 3.44 1.56 13.97 3.73 17.70 

20 60.5796 60.2916 288.0 4.75 1.33 16.91 5.81 22.72 

 
Figure 2 Rate of material removal versus tumbling time 

 
Figure 3 Specimens processed for a) 0, b) 5, c) 10, d) 15 and e) 20 hours 

The microscope was also used to measure the radii of rounding at the corners of the triangular specimens 
made of Hardox 400 steel. The measurement method was illustrated in Figure 4. The measurement results 
obtained for different tumbling times are provided in Table 3. 
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Figure 4 Methodology to measure the radius of rounding 

Table 3 Radii of rounding 

Tumbling time, 
hours 

R, µm 

30° angle edge 

R, µm 

60° angle edge 
R, µm  

90° angle edge 

0.0 0.00 0.00 0.00 

5.0 67.11 107.43 205.02 

10.0 97.17 175.05 282.62 

15.0 107.28 229.06 308.85 

20.0 123.29 249.33 342.04 

The measurements were carried out using an optical profiler. The measurement results obtained for different 
tumbling times are provided in Table 2. The 3D surface roughness maps show that an increase in the tumbling 
time leads to a decrease in surface roughness, i.e. the lowering of the highest peaks - see Figure 5. 

a)  b)  

c)  d)  

Figure 5 3D Surface texture of Hardox a) after 5 h, b) 10 h, c) 15 h and d) 20 h of vibratory tumbling 
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The results indicate that there is almost a linear relationship between the tumbling time and the mass loss. 
However, the steepest portion of the mass loss to tumbling time curve corresponds to the initial period of the 
finishing process (2 hours). For longer times, the increase in the mass loss rate is linear (Figure 2). Similar 
observations were made when radiusing was performed. Longer times caused the radii of rounding to increase. 
The largest rounding was reported for 90 degree angle edges, while the smallest for 30 degree angle edges. 
This is related to the piece geometry. Smaller initial angles (i.e. 30 and 60 degrees) required much larger 
geometrical losses to obtain the same radii of rounding as that observed in the case of 90 degree angles. 

5. CONCLUSION 

The vibratory tumbling process using abrasive media can be used to finish hard, wear and abrasion-resistant 
steels such as HARDOX, but it requires much longer tumbling times than those applied to finish softer 
materials. The surface is characterized by an anisotropic structure, while the edges are rounded and free of 
burrs. 

The measurements of the basic surface texture parameters revealed that the process performed for several 
hours is sufficient to reduce the surface roughness. After 20 hours, the arithmetic mean height of the surface, 
Sa, decreased nearly three-fold from 3.41 µm to 1.33 µm.  

The largest mass loss was observed during the first two hours. After that time, there was a linear relationship 
between the mass loss and the tumbling time. 

The analysis of the radii of rounding shows that the largest radii were obtained for 90 degree angle edges. 
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THE QUENCHING - TEMPERING HEAT TREATAMENT AND CAVITATION EROSION 
RESISTANCE OF NODULAR CAST IRON WITH FERRITE - PEARLITE MICROSTRUCTURE 
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„Politehnica“ University of Timisoara, Timisoara, Romania, EU 

Abstract 

Samples made of nodular cast iron FGN 400-15 have been heat treated by oil quenching from 850 °C followed 
by tempering at 450 °C. The objective of the paper aimed the microstructure modification and improvement of 
the mechanical properties and wear resistance by cavitation. The results showed that the cavitation erosion 
resistance of heat treated cast iron is 1.8 times higher than that of the thermal stress relieved cast iron. 

Examination of surface topography and microstructure of the cross section samples after the cavitation attack 
showed that the wear of heat-treated samples occurs by fatigue cracking mechanism, while by the thermal 
stress relieved cast iron a severe plastic deformation and a combined micro-cutting and micro-ploughing of 
the ferritic matrix appeared.  

Improving of the cavitation resistance after the quenching-tempering heat treatment is explained by the fine 
structure, a relatively high hardness and yield strength, associated with an acceptable toughness. 

Keywords: Quenching - tempering, nodular cast iron, cavitation erosion 

1. INTRODUCTION 

Nodular cast irons represent an important class of engineering materials due to the high mechanical strength 
characteristics and toughness. In addition, they have excellent cast ability and good cutting machinability, 
being designed for execution of structural components with complex shape from automotive industry (shafts), 
metallurgy (rolling cylinders), etc. which are subjected to cyclic stresses [1, 2]. However, these materials have 
experiencing a severe erosion when are used in cavitational environments [3, 4]. A number of researchers 
have studied the resistance to cavitation erosion of cast irons with lamellar or spheroidal graphite before and 
after application of some heat treatments. They found that graphite plays a stress concentrator role and 
depending on the form it takes (lamellar, vermicular, nodular, flake) reduces more or less the resistance to 
cavitation erosion [3]. In this paper it is analysed the influence of the quenching - tempering heat treatment on 
the cavitation behaviour of nodular cast iron with ferrite and pearlite matrix. 

2. EXPERIMENTAL PROCEDURE 

Cylindrical cast iron bars EN-GJS-400-15 with chemical composition: C = 3.57 %, Si = 2.51 %, Mn = 0.23 %, 
P = 0.044 %, S = 0.010 % and Fe = balanced were martensitic quenched followed by tempering (Figure 1). 
Subsequently, from these materials, samples were cut for cavitation tests and structural analysis. As a 
standard material the same cast iron was used, which has been subjected to stress relief annealing. 

Cavitation tests were conducted on a vibrating apparatus with standard piezo-ceramic crystals (Figure 2) 
realized in accordance with norms ASTM G32-2010. As a testing medium was used drinking water from the 
public network. During researches the water temperature was maintained at the value of 22 ± 1 °C. Before 
cavitation, the tested surface of each sample was polished to r oughness Ra = 0.051÷0.090 μm. The testing 
duration of each sample was 165 minutes, being divided into 12 periods (one of 5 and 10 minutes, and 10 
periods of every 15 minutes). 
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Figure 1 Heat Treatment Cyclogram of Quenching - Tempering 

 

Figure 2 Overview of the vibrating apparatus with piezo-ceramic crystals  

As a testing medium was used drinking water from the public network. During researches the water 
temperature was maintained at the value of 22 ± 1 °C. Before cavitation, the tested surface of each sample 
was polished to a roughness Ra = 0.051 ÷ 0.090 μm. The testing duration of each sample was 165 minutes, 
being divided into 12 periods (one of 5 and 10 minutes, and 10 periods of every 15 minutes). At the end of 
each testing period, it has been determined, by weighing, the material mass lost by cavitation erosion, 
respective the mean depth of erosion (MDE) and the related mean depth erosion rate (MDER); the cavitation 
eroded surfaces were examined by optical microscopy and macro photographed. Once the cavitation attack 
tests (165 minutes) were finished, the eroded surfaces were also examined using scanning electron 
microscope.  
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The resistance to cavitation erosion evaluation was done by determining the variation curves of MDE and 
MDER with the testing time. At different attack periods the mass losses were determined and the eroded 
surfaces were examined by light and scanning electron microscopy.  

3. CAVITATION CURVES 

Cavitation tests were conducted on three sets of samples, measuring the cumulative mass losses; based on 
these the mean depth of erosion (MDE) and the mean depth erosion rate (MDER) were calculated: 

 for the cumulative mean depth erosion, after each intermediary period “i” 

MDEi =



12

1i
iMDE = 2

p

i

d
M4



 [mm];         (1) 

 for the mean depth erosion rate, after period “i” 

MDERi= MDEi / ti  [mm / min]         (2) 

where: 
i - represents the testing period,   
mi - is the cumulative mass lost during the period i (grams),  
ρ - cast iron density (gram / mm3), 
ti - the cavitation exposure in the period “i” (first period of 5 minutes, second 10 minutes and the rest 
15 minutes), 
dp - specimen diameter (dp = 15.8 mm),  
MDEi - mean depth erosion generated by cavitation in the ti period. 

In (Figure 3) and (Figure 4) are given time evolution of these two parameters that characterize the erosion 
cavitation behaviour of cast iron heat treated by quenching-tempering compared to the cast state and stress 
relief annelead. 

 
Figure 3 Variation of the mean depth erosion penetration with the attack cavitation duration: 1 - quenching-

tempering heat treatment; 2 - stress relief annealing 
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Figure 4 Variation of the mean depth erosion penetration with the attack cavitation duration: 1 - quenching-

tempering heat treatment; 2 - stress relief annealing 

The dispersion of the experimental points versus mediation curves show a good resistance of samples surface 
during the vibratory cavitation attack. This kind of behaviour is due the graphite shape more or less spherical 
which prevents crack propagation being created the conditions to obtain satisfactory ductility and toughness 
characteristics. As a result, structural cracking speed decreases at the impact with the micro-jets generated 
by the cavitation bubbles implosion. Lower dispersion of the experimental values obtained for the erosion rate, 
at the quenched and tempered samples, is caused by the microstructure homogeneity and mechanical 
properties improving by the applied heat treatment. 

All these lead to an increase of the cavitation erosion resistance of approx. 80 %, after the stabilization value 
of the erosion rate MDER. Also, took place a decreasing of the mean depth of erosion, MDE, at the final attack 
period (165 minutes), of about 90% compared with the structural state obtained after the stress relief annealing. 

4. METALOGRAPHIC EXAMINATION 

These scanning electron microscopy investigation of surface topography for 165 min cavitation time shows a 
fragmentation and removal of graphite nodules beside the presence of fatigue fracture cracks at the matrix - 
graphite interface (Figure 5 a, b). The material zones remained after the graphite removal has shape of 
pinching or micro-craters with high stresses concentrators which favour the development of radial cracks. 

If by the sample subjected to stress relief annealing, the ferrite which surrounds the graphite is strongly 
deformed [4], by applying the quenching - tempering heat treatment, it is obtained an increase of hardness 
and mechanical strength, so that the surface deformation is reduced.  
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-a- -b- 

Figure 5 SEM image of the eroded quenched - tempered surface after 165 minute cavitation time: a - 
material pinching; b - micro-cracks coalescence and formation of a micro tunnel 

Although the number of micro-pinches formed by plastic deformation is significantly lower by quenched 
samples, the developed cracks suffer the coalescence phenomenon, leading to the appearance of deep 
craters or even micro-tunnels (Figure 5b). The analysis by optical microscopy of the longitudinal section 
through the cavitation samples tested for 165 min. (Figure 6) shows that by both stress relieved annealed and 
quenched - tempered samples the graphite nodules expulsion favours the metal matrix degradation. 

Since the mechanical strength of the tempered martensite microstructure is higher than of the ferrite-pearlite 
microstructure, it is expected that the erosion penetration depth is higher by the latter. 

-a- -b- 
Figure 6 Optical image of the longitudinal section through the eroded quenched - tempered samples tested 

for 165 min 

5. ROUGHNESS MESUREMENTS 

The comparative analysis of the surface degradation degree after cavitation tests proves again the positive 
effect of the final applied heat treatment to the cavitation behaviour of investigated cast iron. Even after graphite 
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removal, which is a non-metallic inclusion, those portions of the material surface become rougher; from 
(Figure 7) it can be seen that the base metal mass keeps more favourable values if it was subjected to the 
quenching-tempering heat treatment 

  
-a- -b- 

Figure 7 Roughness values on the three measuring directions for the two structural states:  
a - stress relief annealing; b - quenching-tempering 

6. CONCLUSION 

The quenching - tempering heat treatment of nodular cast iron with ferrite - pearlite matrix causes a reduction 
of the mean depth of erosion of about 1.9 times and of the erosion rate of approx. 1.8 times compared with the 
structural state obtained after stress relief annealing. 

The graphite shape (more or less spherical) beside the tempered martensitic matrix, justify the improving of 
the erosion cavitation resistance.  

The mean roughness of the cavitation tested surface decreases from 16.25 m (quenched-tempered state) to 
10.34 m (stress relieved annealed state). 
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Abstract  

Fracture toughness (KIC) is the one of the most important parameters for evaluating the fracture resistance of 
the machine elements or structural parts subjected to cyclic loading. These cyclic stresses can cause damage 
or premature failure. For these reasons, prior knowledge of the fracture toughness is critical. Some institutions 
have proposed the standards for determination of fracture toughness values. But these procedures of the 
standards are difficult to manufacture the specimens and cost a high price in terms of instrumentation. The 
objective of this work is determining fracture toughness with alternative methods which uses round bar 
specimens with and without fatigue precracking. In this way, fracture toughness can be evaluated rapid and 
inexpensive test methods. Two different approaches are investigated for S355 and Domex 700MC in 
experimentally. The values can be comparable with the values reported in the literature which are obtained by 
standard test specimens.  

Keywords: Fracture toughness, notched round bar, circumferentially cracked round bar 

1. INTRODUCTION 

In recent years, using of high strength steels has grown in railway industry. Increasing axle load capacity and 
reduction of fuel consumption is possible with remove unnecessary material. Most common procedure for 
lowering the weight of vehicle is replacing low strength materials by high strength steel [1]. It is important to 
know prior knowledge of fracture toughness value when new material is introduced. Fracture toughness is one 
of the most important mechanical properties for fracture mechanics. The determination of fracture toughness 
is based on the stress intensity factor (KIC) at the crack tip. Subscript “I” symbolize the fracture toughness test 
is performed in tensile mode and “C” symbolize the critical value of stress intensity factor. When K reaches 
critical value, the crack propagation becomes unstable and result failure of components [2].  

Generally, KIC is determined by different methods such as using compact - tension specimen or single edge 
notched bend or three-point loaded bend specimens. Material testing institutions have proposed some fracture 
toughness measurement techniques. For example, a standard test method for linear elastic plane-strain 
fracture toughness (KIC) of metallic materials is given by American Society for Testing and Materials (ASTM) 
designation E399-12e3 [3]. This standard is discussed to be one of the accurate ways to specify KIC of low 
ductility, high strength materials [4]. However, these methods are inconvenient and the specimen preparation 
is complex and time consuming. One of the disadvantages is fatigue pre-cracking. If the precrack is not proper, 
results of the test do not reflect the reality. Alternative testing methods have always been seeking researchers. 
In the literature, there are two different approaches to determining fracture toughness of metallic materials. 
The first one uses a notched round bar that is allowed to rotate under fatigue load in an R.R. Moore fatigue 
testing machine, then a precracked specimen is loaded in a tensile machine and pulled till failure. After that, 
crack lengths are measured with optical measuring devices and fracture toughness calculated using the 
proposed equations [5-7]. The second approach uses a notched round bar that is directly loaded in a universal 
tension testing machine, and fracture toughness is calculated using suitable equations [8]. In this study, Domex 
700MC which has started to use in railway application was chosen to determine fracture toughness with using 
round bar specimen method. The steel grade of S355 was tested as comparative steel commonly used in also 
railway applications.  
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2. EXPERIMENTAL PROCEDURE 

S355 steels are structural steels that are used extensively in general engineering applications. They are 
particularly useful because they offer a unique combination of good welding properties with guaranteed 
strengths. Domex 700MC, a thermo-mechanically hot rolled cold forming steel, characterized bya low carbon 
content and small additions of microalloying elements, was also tested in this study. The chemical composition 
of the steels used for the tests is shown in Table 1. No heat treatment was applied for both kind of steels.  

Table 1 Chemical composition of tested steels [wt. %] 

  C Mn Si P S V Al Ti B 

DOMEX 700MC 0.13 1.23 0.21 0.02 0.024 0.05 0.026 0.01 0.0005 

S355 0.06 1.82 0.27 0.012 0.003 - - - - 

The round bar specimens were machined. Smooth surface quality was obtained on the specimen and as well 
as at the notch. The dimensions of the specimens were: for S355 steel, gauge length 220 mm (L0), diameter 
of notched section 10 mm (d), diameter of unnotched section 12 mm (D) and for Domex 700MC steel gauge 
length 220 mm (L0), diameter of notched section 7 mm (d), diameter of unnotched section 9 mm (D), V-notch 
angle is (α) 60° for both steel as shown in Figure 1.  

 
Figure 1 Dimensions of round bar specimen 

For the pre-cracking procedure, the samples were subjected to cyclic tensile - compressive loads of equal 
amplitude were applied with the stress ratio R equal to minus one (R = -1). Pre-cracking was done at a suitable 
bending load (M) using a four-point R.R. Moore rotating beam fatigue testing machine. The limit load selected 
was such that the maximum stress intensity factor (Kmax) should not exceed 60 % of the minimum expected 
fracture toughness KIC of the test material. For calculation of the fracture toughness value, crack lengths of the 
fractured surface were measured. The effective diameter (deff) was calculated by the sum of the machined 
notch depth (am) and the length of the fatigue pre-crack (af) as in Equation1 

eff m fd =D-2(a -a )                                                                                                                              (1) 

Equation1 is used for calculation of the fracture toughness in equation (2) where Pf is the fracture load, 

f
IC 3/2

P DK = 1.72 -1.27
dD eff

 
 
 

                                                                                                                           (2) 

The second approach uses a notched round bar without fatigue test that is directly loaded in a tensile test 
machine. The term of notched tensile strength (σNTS) for calculation of fracture toughness is calculated by 
equation (3) where Pf is the fracture load. Notched tensile strength (σNTS) is calculated according to equation 
(3) and fracture toughness is calculated using equation (4), 

f
NTS 2

4Pσ =
πd

                                                                                                               (3) 

0.5
IC NTSK = 0.454σ D                                                                                                                                 (4) 
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Some researchers [2] suggest using equation (5), which is same as equation (2), but in this formula the notched 
section diameter is used instead of (deff) for calculation of the fracture toughness. 

f
IC 3/2

P DK = 1.72 -1.27
dD

 
  

                                                                                                      (5) 

During the experiments, for mode-I loading condition, the round bar specimen was loaded in tension on 800 
kN electro-hydraulic test stand was used. Crosshead displacement rate is 0.5 mm / min until failure. The 
displacement was measured using extensometer. Minimum of three specimens of the material were tested for 
fracture toughness at room temperature. The maximum loads for all specimens were recorded and dimensions 
were measured. Test stand and a round bar specimen mounted in the fixture are shown in Figure 2.  

 
Figure 2 Electro-hydraulic test stand and mounted bar specimen 

3. RESULTS 

After the tensile experiment fracture toughness was calculated using fracture load and measured diameter 
values according to equations (2), (4) and (5). The representative force (kN) vs. displacement (mm) graphs 
are documented in Figure 3.  

 
Figure 3 Force - displacement graph for S355 (on the left) and Domex 700MC (on the right) 

It can be deducted from Figure 3, S355 steel exhibits ductile force - displacement graph. For Domex 700MC 
steel shows bi-linear characteristics. The mean value of notch tensile strength (σNTS) for S355 steel is 809.56 
MPa, for Domex 700MC is 1319.5 MPa. Domex 700MC notch tensile strength is approximately by 38.56 % 
higher than in case of S355 steel.    
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The fracture toughness values calculated using equation (2) for S355 from the data of the tensile test on the 
circumferentially cracked round bar (CCRB) specimens and also the dimensions of the fractured surface, 
fracture load, notched and unnotched dimension, are tabulated in Table 2. 

Table 2 Summary of Fracture Toughness Values and Dimensions for CCRB S355 

Sample No Pf (N) D (mm) am (mm) af (mm) deff (mm) deff/D KIC (MPa.m1/2) 

S-1 46603 11.9 0.99 0.67 8.58 0.72 40.4 

S-2 47644 11.8 0.98 0.5 8.84 0.74 38.13 

S-3 51433 11.72 0.99 0.188 9.36 0.79 35.78 

The fracture toughness (KIC) of pre-cracked S355 steel varies from 35.78 MPa / m1/2 to 40.4 MPa / m1/2 
according to equation (2). The average fracture toughness experimentally obtained is 38.1 MPa / m1/2. In 
Figure 4, fracture surface of pre-cracked sample is shown and fatigue signs can be seen in this figure. 
According to the second approach, which uses notched bar specimens without fatigue pre-cracking, the 
calculated fracture toughness is tabulated in Table 3 and the average value of (KIC) was 39.6 MPa / m1/2 for 
equation (4). Fracture toughness was also calculated using equation (5) and in this approach the average 
value was 37.94 MPa / m1/2.  

 

Figure 4 Pre-cracked fracture surface of S355 steel after tensile test 

Fracture toughness of Domex 700MC steel is calculated by only using second approach which use without 
fatigue pre-cracking procedure. The fracture toughness (KIC) of Domex 700MC steel is tabulated in Table 4. 
The mean of fracture toughness (KIC) values of Domex 700MC are 56.3 MPa / m1/2 and 55.56 MPa / m1/2 
according to equation (4) and (5) respectively. 

Table 3 Fracture toughness values and dimensions for S355 steel  

Sample 
No Pf (N) D (mm) d (mm) σNTS (MPa) KIC (MPa√푚) Equation 4 KIC (MPa√푚) Equation 5 

S-1 58190 11.58 9.58 807.3 39.4 37.78 

S-2 59880 11.68 9.68 813.7 39.9 38.20 

S-3 58710 11.62 9.62 807.7 39.5 37.85 
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Table 4 Fracture toughness values and dimensions for Domex 700MC steel  

Sample 
No Pf (N) D (mm) d (mm) σNTS (MPa) KIC (MPa√푚) Equation 4 KIC (MPa√푚) Equation 5 

S-4 47440 8.7 6.7 1345.6 57.0 56.32 

S-5 47240 8.82 6.82 1293.2 55.1 54.43 

S-6 50500 8.98 6.98 1319.7 56.8 55.95 

The fracture surfaces of unprecracked S355 and Domex 700MC samples are shown in Figure 5 in loading 
direction and perpendicular to the loading direction (side view of the samples). The surface of S355 steel has 
moderate amount of necking and it is almost cup and cone fracture characteristics. In central region has an 
irreguler and fibrous apperance, which signifies plastic deformation. In outer side of the fracture surface can 
be seen 45° shear lips. This angle represents the direction of maximum shear stress that causes shear lip in 
final stage. Domex 700MC exhibits untypical fracture surface. In side view of the samples, extremely high and 
sharp macro grooves are existed. This situation can be explained by hot rolled cold forming process.  

 

Figure 5 Unprecracked fracture surfaces of S355 and Domex 700MC  

Based on the testing of S355 steel, the precracked vs. the unprecracked samples gives acceptable reutls and 
the difference between two different calculated fracture toughness are very close to each other. For equation 
(4), because the fracture toughness were calculated by using the fracture loads of the notched specimens, an 
increase in fracture toughness with the increase in notch tensile strength is evident. In the literature, the fracture 
toughness of structural steels (including low, medium and high carbon steels) varies from 12 MPa / m1/2 to 92 
MPa / m1/2 [9]. These values are calculated using standard test methods while some of them heat treated 
steels, which means that higher fracture toughness values can be obtained.  

4. CONCLUSIONS 

In this research, a method which uses a circumferentially cracked round bar (CCRB) specimen and another 
approach which uses a circumferentially notched bar specimen without fatigue precracked can be used to 
determine the fracture toughness values of metallic materials. The difference between two suggested methods 
is remarkable and it is investigated from fracture mechanics aspect. Two different equations which uses without 
fatigue precracking procedure were validated. All testing approaches can be used for tested steel types. This 
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method exhibits an accurate, fast and reliable procedure for fracture toughness measurement. In comparison 
to S355, the fracture toughness value of Domex 700MC is subtantially higher and its application is prospective 
way to icrease the safety against sudden cracks propagation. The obtained values are found to be in good 
agreement with the literature but in future experiments standardized test methods should be performed on 
samples of S355 and Domex 700MC, the methods could be compared and the suggested equations should 
also be investigated. 
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Abstract 

Surface coating of electrical steel sheets is very important due to minimizing eddy current losses in electrical 
machines. The quality of coating can differ according to the composition. The coating layer has limited heat 
stability and after crossing of the guaranteed temperature it can be significantly degraded and its insulation 
properties may change importantly. The aim of this study is to describe changes in parameters of magnetic 
behavior of the non-oriented Si electrical steel sheet due to degradation of the coating by annealing in air. The 
parameters were acquired from the measuring of magnetic hysteresis loops on two types of samples with 
different excitation. The basic information on structure was obtained by optical microscopy. Acquired data are 
compared between samples with the damaged coating layer by annealing and the original coating layer. The 
results are discussed from the point of view of the possibility of using sheets with damaged insulation in 
electrical machines.  

Keywords: Surface coating, magnetic properties, annealing, degradation  

1. INTRODUCTION 

Non-oriented Si steel sheets are essential for the construction of rotary electrical machines [1]. Every sheet of 
this steel is coated with a thin layer of resistive insulation. This surface coating minimizes eddy current losses 
in electrical machines. By damages of the coatings, eddy currents are closed between adjacent sheets and in 
consequence, it causes heating of the sheets and deteriorates magnetic properties of the material [2-4]. 
Electrical machines then have worse efficiency or they cannot be used at all. Damages can appear after 
mechanical impacts or by heating at high temperatures in air. On the other hand, a focused annealing of the 
sheets can be very beneficial for magnetic properties because of releasing of stresses after manufacturing 
[5, 6]. The coating layer has limited heat stability for a different kind of atmosphere. Electrical insulation can 
be significantly degraded after crossing of the guaranteed temperature without a protective atmosphere [7]. 
Besides magnetic and electrical properties, change in the colour of the coating also occurs.  

The goal of this paper is to describe changes in parameters of magnetic properties sheets due to heat 
treatment without a protective atmosphere. The main attention will be given to increase magnetic losses in 
dependence on the deterioration of the dielectric strength. 

2. EXPERIMENTAL 

The investigated samples are commercially produced from non-oriented Si steel. The coating insulation layer 
is called C-5 according to AISI Designation ASTM A976. The thermal class is H of this coating and it means 
that the heat resistance is 180 °C in air long time and 850 °C in a protective atmosphere (as stress-relief 
annealing). The organic elements are supplemented by some inorganic filler for increasing interlamination 
resistance. The thickness of a layer on each side of the sheet is usually from 0.5 to 3 μm and the coating is 
colorless [7]. The main properties of insulation are resistance, punchability and corrosion resistance. 
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Secondary properties are for example heat resistance, stacking factor, resistance to chemicals or compression 
and scratch resistance [4]. 

Toroid-shaped samples were prepared by laser and erosion spark cutting. Laminations were pulled together 
by insulation tape. Geometrical dimensions and other parameters of samples can be seen in Table 1. Samples 
labeled as 1 were cut by spark cutting from originally stator sheets. Index a means that this sample was 
additionally annealed at 500 °C without a protective atmosphere for 5 hours. Coating layer changes its color 
from gray to brass or dark brown. Index d means that the insulation coating was mechanically damaged and 
significantly removed by abrasive paper. Samples labeled as 2 were specially prepared for this testing. Their 
diameter was similar to original stator sheet and it was cut by laser. Index 2.1 means that only 1 sheet was 
measured and the magnetic circuit cross-section is not square. 

Table 1 Parameters of tested samples 

Sample 1 1a 1ad 2 2a 2.1 2.1a   

Outer diameter 30 30 30 365 365 365 365 mm 

Inner diameter 26 26 26 334 334 334 334 mm 

Thickness 2.6 2.6 2.6 4.7 4.7 0.5 0.5 mm 

Mass 3.33 3.35 3.35 653 653 72.5 72.6 g 

Primary windings 60 60 64 442 448 540 584 Turns 

Secondary windings 40 40 40 50 50 50 50 Turns 

The magnetic parameters were acquired by hysteresis graph called RemaGRAPH - RemaCOMP C-710 
(Magnet-Physik Dr.Steingroever GmbH). This device measures hysteresis loops in dependence on saturation 
fields and frequencies. Several additional modules can be connected to the device and device’s measuring 
capabilities can be extended. It is based on the principle of Faraday’s law. Toroid-shaped samples were 
measured quasi-statically and with frequency. Assuming the insulation coating is damaged and does not fulfill 
its function, there will be an increase of eddy currents, because they are not restricted to individual laminations. 

The quality of surface insulation was measured by multimeter Agilent U1252B. Continuity measurements were 
made and annealed sample showed a greater number of continuous contacts than samples without additional 
annealing. The exact value of the resistance could not be measured by this device due to the lack of contact 
of the measuring spikes with the substrate through the tested insulation. More accurate results could be 
achieved by Franklin tester which is used for the classical evaluation of insulation quality. 

The chemical composition and depth profile of coating were tested using Glow Discharge Optical Emission 
Spectrometry (GDOES). The basic information of structure was obtained by optical microscopy (OM). Changes 
in local structure and magnetism were checked using 57Fe Mössbauer spectroscopy and took at room 
temperature using detection of conversion electrons (penetration depth < 0.3 micrometers) and by detection 
gamma radiation in scattering geometry (penetration depth ~30 micrometers). 

3. RESULTS 

Structure information was obtained by OM and it can be seen in Figures 1, 2. There are compared two samples 
before (Sample 1) and after additional annealing (Sample 1a). The annealed sample shows signs of surface 
layer oxidation and the change of color. Since the applied coating is not of uniform thickness, there has also 
been an uneven change in the color of coating after annealing without a protective atmosphere.  
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Figure 1 OM 500x magnification, Sample 1 
 

Figure 2 OM 500x magnification, Sample 1a 

The coating layer is very thin (1 μm) according to results from GDOES in Figures 3, 4. It also showed that 
coating layer after annealing was changed and probably iron oxides appeared. Only several main elements 
are showed in Figures 3, 4. Among the other elements that were detected belong hydrogen, nitrogen, zinc 
and magnesium but their percentage weight were under 0.5 % or these elements are not detected with great 
reliability. Oxygen and carbon were added into graph due to a better resolution between samples and because 
of oxidized layer. 

Figure 3 GDOES sample 1 

 

Figure 4 GDOES sample 1a 

Mössbauer spectra of the sheet samples are shown in Figure 5. The spectrum was taken from the surface 
layer < 0.3 micrometers exhibit the presence of iron Fe 3+ oxides. In the sample annealed in air is increased a 
number of magnetic domains with moment orientations perpendicular to the surface. It is in agreement with 
high probable formation of closing domains at the surface due to some products of the surface oxidation. 

Magnetic measurements showed the best results for quasi-static measurements. There should be no eddy 
currents, but the differences between samples 1 and 1ad due to the removed insulation should occur. Small 
samples (Figure 6) were measured for original, annealed and removed coating. The most suitable parameter 
for comparison is permeability. Samples with coating are almost the same. However, permeability of the 
sample with removed coating dropped. Similar results can be seen in Figure 7, where larger samples are 
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displayed. Annealed samples exhibit better properties than samples without additional annealing. This 
difference can be caused by stress relief after manufacturing of samples. 

 
Figure 5 Mössbauer spectra of the sample annealed at 500 °C for 5 hours in air 

 

Figure 6 Quasi-static measurement, permeability for 
small samples 

 
Figure 7 Quasi-static measurement permeability for 

large samples 

The same differences are in Figure 8 where permeability is showed at 50 Hz. The difference between large 
and small samples is due to the greater distance of machined edges of toroid samples. Permeability belongs 
among the most sensitive magnetic parameters but as the input parameter for simulation is more suitable 
initialization magnetization curve. These curves are showed in Figures 9, 10 and correspond to permeability 
value. Better permeability means a greater slope of the magnetization curve so the annealed samples have a 
greater slope. 
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Figure 8 Permeability at 50 Hz for small and large samples 

 

Figure 9 Quasi-static measurements for small 
samples 

 

Figure 10 Quasi-static measurement for large 
samples 

 

Figure 11 Commutation curves for small samples 
at 50 Hz 

 

Figure 12 Losses for small samples at 50 Hz 

Commutation curves (Figure 11) are similar to the initialization curves. Slightly different are total magnetic 
losses (Figure 12) which increased at higher excitation for annealed samples, while there is no difference in 
lower saturation. It looks like that insulation layer is damaged and at higher excitation does not fulfill its function. 
Differences are relatively small but with greater pressure which would push these laminations together, these 
losses would probably increase. Sample 1ad has higher total magnetic losses than only annealed Sample 1a, 
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due to the removed of insulation coating (Figure 12). This sample appears to be a solid material instead of 
lamination. 

4. CONCLUSION 

Obtained results show that insulation coating C-5 can almost withstand annealing at 500 °C for 5 hours without 
a protective atmosphere. The quality of insulation is greatly affected and the colour is changed. It will not 
probably withstand excessive pressure due to occurrence of flaking insulation layer. Depth profile of coating 
showed a significant difference in the chemical composition between tested samples for carbon and oxygen. 
Annealing itself had a beneficial effect on magnetic properties because of relaxation of tested material but 
oxidation occurred without protective atmosphere and the mechanical strength of the coating was impaired. 
The quasi-static measurement showed better results of permeability and initialization magnetization curves for 
additionally annealed samples than rest of samples. Also, these samples had better parameters for frequency 
measurements however for less saturation. The eddy currents became noticeable with more saturation due to 
slightly higher total magnetic losses. 
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Abstract 
The paper deals with the use of small samples for fatigue tests of two types of steels used for power plant 
components. The main advantage of small fatigue samples is the possibility of their use in cases, where 
sufficient amount of material is not available for standard test specimens manufacturing. This problem can 
occur in cases of power plant components, e.g. steam turbine rotors or pressure vessels. The results of the 
small sample tests are afterwards correlated with the results of standard fatigue test specimens. In addition, 
different ways of sample manufacturing are compared. The small samples are produced either by machining, 
or waterjet cutting. The stress concentration which occurs in the small fatigue samples was determined by 
finite element method. The performed tests proved an acceptable correlation of small and standard test 
specimen results. 

Keywords: Small fatigue test, P92, 15CH2NMFA, power plant parts 

1. INTRODUCTION 
In the present a great interest is given to the Small Punch Test method. Its greatest advantage is almost 
nondestructive intervention in the integrity of structures thanks to the small amount of removed material which 
could be advantageous also for production of SFT samples. This “new” (also called) semidestructive method 
allows to evaluate the current status of operating components on small samples what does not disrupt the 
integrity of the operating components and enables to evaluate the current status without long outages. To 
produce fatigue samples, we used the shape according to [2] (Figure 1). We began to use the name SFT 
(Small Fatigue Test) for the miniaturized fatigue specimens. 

 
Figure 1 Shape of Small Fatigue Test samples by [2] 

In this paper the results of the fatigue tests using two types of samples are compared. The results of the 
standard fatigue samples from steel P92 were compared with the results of the Small Fatigue Test samples 
(SFT) from P92 steel produced using 1st machining and also using 2nd water jet cutting. The standard fatigue 
samples from steel 15CH2NMFA were compared with SFT from this material.  
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2. MATERIAL FOR TESTING 

Steels P92 and 15CH2NMFA were chosen for correlation of small fatigue test and standard fatigue specimens. 
The microstructure was observed using light microscopy (LM, microscope Zeiss Axio) and scanning electron 
microscopy (SEM, microscope Zeiss EVO MA25). Hardness of the material (HV1 and also HV10) was 
measured on device Zwick/Roell ZHU 2.5. 

Steel P92 is widely used in the energy industry, Pipes and pipe bends of supercritical steam turbines. Steel 
P92 is alloyed with 2 % of tungsten compared to steel P91. This increases a creep strength of the material. It 
is possible to reduce wall thickness of the P92 pipe up to about 20%. Microstructure of P92 samples (material 
without operation) is formed by tempered martenzite (Figures 2 - 5) with the average hardness value of 250 
HV10. 

       
Figure 2 Microstructure of the P92 steel, LM               Figure 3 Microstructure of the P92 steel, LM 

       

Figure 4 Microstructure of the P92 steel, SEM           Figure 5 Microstructure of the P92 steel, SEM 

Steel 15CH2NMFA is used for pressure vessels in energy industry. Microstructure of the 15CH2NMFA steel 
is formed by fine bainite (Figures 6 - 9). Hardness was measured on the SFT sample and is about 221 HV1. 
The main requirements on this steel are weldability of thick-walled components, structural stability, good 
strength properties during operating temperature, brittle-fracture resistance and degradation resistance 
influenced by radiation [5]. 
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Figure 6 15CH2NMFA - microstructure, LM                Figure 7 15CH2NMFA - microstructure, LM 

   

Figure 8 15CH2NMFA - microstructure, SEM                Figure 9 15CH2NMFA - microstructure, SEM 

3. SAMPLES PRODUCTION 

Traditional specimens (Figure 10) for fatigue tests were made according to standards. SFT samples were 
made by traditional methods of machining. First, a 15 mm diameter shaft was made, then the longitudinal 
groove was milled on both sides of the shaft (Figure 11), then the samples were cut to approximately 1.3 to 
1.5 mm and finally grinded. Another set of samples was produced by water jet cutting (Figure 12). First, the 
sheet sample was about 290 mm long, 60 mm wide, 8 mm thick and the thickness was then reduced by milling 
and grinding by the plane grinder to the final 1.2 mm. The objective was to compare the results of conventional 
fatigue tests with small samples and to compare the influence of SFT production types on the results of fatigue 
tests. 

   
Figure 10 Standard testing 

samples 
Figure 11 SFT samples Figure 12 Samples cut by the water jet 
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4. FATIGUE TEST PERFORMANCE 

Amsler 10 HFP 5100 (high-frequency pulsator) ZWICK//Roell machine was used for the realization of fatigue 
experiments. For the clamping of standard cylindrical specimens, accessories of the machine were used and 
threads were adapted to the possibilities of this device. To clamp the SFT samples, special grips have been 
designed and manufactured. Standard fatigue tests were carried out according to the standard ČSN 420363. 
SFT samples were newly designed in MMV laboratory, Czech Republic by Prof. Matocha. There is no valid 
standard for the testing therefore.  

5. EXAMINATION PROCESS 

The tests were performed by cyclic loading in the force control regime, the frequency was 120 Hz - 145 Hz 
with a cycle asymmetry R = 0.1. Termination of fatigue limit was set at 107 cycles which corresponds to the 
fatigue limit of steel materials. Stress concentration factor was 1.33. 

5.1. Test Results 

 

Figure 10 Comparison of results of traditional and SFT samples from steel 15CH2NMFA,  
cycle asymmetry R=0.1 

 

Figure 11 Comparing results of traditional and SFT fatigue samples from steel P92,  
cycle asymmetry R=0.1 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

753 

 

Figure 12 Comparing results of SFT fatigue samples from steel P92, cycle asymmetry R=0.1 

CONCLUSION 

In case of samples from steel 15CH2NMFA and stress concentration factor 1.33, the results of traditional 
fatigue test samples and SFT samples are similar. Also, the results of fatigue limit were identical. 

When considering the stress concentration 1.33 at the SFT samples neck (this concentration is already 
included in Figure 11), the results are in both the low cycle and high cycle fatigue range lower than the results 
of conventional tests.  

Fatigue strenght of the material P92 was in case of traditonal samples 293 MPa (σa, assymetry of the cycle 
R=0.1. In case of new-shaped samples the fatigue strength of the material P92 is 227 MPa (σa, asymmetry of 
the cycle R=0.1). 

Fatigue strenght of the material 15CH2NMFA was in case of traditonal samples 465 MPa (σmax, assymetry of 
the cycle R=0.1). In case of new-shaped samples the fatigue strength of the material 15CH2NMFA is 460 MPa 
(σmax, asymmetry of the cycle R=0.1). 

The results of steel 15CH2NMFA corresponds (SFT vs. traditional samples) and the results of steel P92 differ 
after the stress concentration is taken into consideration. That is why we decided to try to test new shape of 
samples, which are not influenced by stress concentration. The fatigue behaviour at these new-shaped 
samples is assumed to be similar as standard samples without stress concentration. 

Despite the scatter of the results (especially in low-cycle fatigue range) the evaluated fatigue limits vary by 
less than 5 MPa and impact of the production procedures in the standard way or by water jet to determine the 
fatigue limit is thus negligible (Figure 9). 

Use of this small fatigue test samples is necessary f. e. at the applications, where not enough material for 
testing is aviable. This should be for instance at the branch of energy industry, power plant parts, pressure 
vessels, steam piping etc. That is why we have chosen materials suitable for these fields of application. 
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Abstract 

In archaeology, the Iron Age is the period when the iron usage and the technological processes of its obtaining 
were the most important for the society. The Iron Age is the last period from the system of the three ages of 
classifying the prehistoric societies, preceded by the Bronze Age. The influences on the large areas in Europe 
were remarkable. Many legends say that responsible for this result were the ancient gods, but it can be also 
another cause: some people used for the tools and weapons better materials from the first Iron Age, while the 
inhabitants from other areas used poor quality steel or bronze. It is very important to research the ancient 
epopees using the ‘engineering glasses’, to discover the origin of the materials and also the secrets that wrote 
the history of the world. At the beginning, human believed that everything must remain hidden in the basement, 
so there were few ones in charge of mines and iron processing. Later, humanity began to understand the iron 
importance and started to use iron for more and more activities. The present paper limits only to some 
milestones regarding the evolution of the usage of the new materials, but also to some specific technologies 
for the epoch. 

Keywords: Tools, weapons, iron, history, technology 

1. INTRODUCTION 

Iron metallurgy had a fast evolution during time, because technical processes were in continuous change, 
depending on human necessities. At the beginning, humans believed that ‘Metals are offering no advantages, 
so we should not search for them [1]; this is the reason why there were so few the ones which were mining 
and processing iron. The whole equipment was rudimentary, built in wood, burned clay or in iron and it had 
specific geometry, seeming like a cavity.  

The first evidences of iron usage are from Sumer and Egypt, where there were manufactured different objects 
of meteoric iron. Only later, in the first Iron Age, Hallstatt, people started to exploit the mineral ores, located in 
the basement. But along with the discovery and exploitation of the underground deposits, critics and 
philosophers of the time have launched different assumptions regarding the advantages and disadvantages 
of these activities, realizing a comparison between the profit obtained from agriculture and mining [1]. For 
example, Ovidius considered that ‘Earth is not hiding and alienating from us what is useful and necessary to 
humanity, bringing to the light herbage, cereals, fruits and trees; contrary, minerals are buried, so they should 
not be searched’. Also, Pliny said about iron that it is ‘the most abominable fruit of the human inventiveness’. 
But there are some positive opinions about metals exploitation; therefore, Timocles was considering that ‘If 
iron does not exist, people would have a horrible existence, together with the wild beasts [1]. 

The present paper is a continuation of the previous researches [2] and it is focused on the study of the ore 
excavation and iron processing in the Medieval Period, when is starting the wrought iron production and is 
projected the blast furnace. There is also an improvement of blades and swords and is fabricated the ‘wootz 
steel’, known as damask steel, which was of good repute in the entire world. It is an important period in the 
history of steel obtaining, because it was a time of transition, paved with many advancements, when were also 
organized the iron obtaining workhouses.     
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2. WROUGHT IRON PRODUCTION 

At the beginning of the Medieval Period, there were no major changes in the iron processing technologies, 
comparative with the Roman Period. As well, in this epoch, there was not an increase of the iron lump 
dimensions; contrariwise, after the researches accomplished, it was discovered that most of the lumps had a 
mass minor than 8kg (this was the maximum mass supposed to be existed in the Roman Age). In Ireland, 
lumps had a mass between 5.200 g and 5.400 g. In Great Britain, there are evidences that confirm that a lump 
with the mass of 14kg was manufactured in 1350 A.D. The limits regarding the lump dimensions were imposed 
by the forge and processing difficulties, not by those appeared on casting. Some collectivities, as Swedish and 
Slaves, were producing thin bars, with lengths less than 0.32 m, but in most of the countries, big lumps were 
forged in small pieces, with bar shapes. Furthermore, the furnaces had two main configurations: the bowl 
furnace, built on horizontally (it was used also in the Roman Age) and the bowl furnace, built on vertically [3]. 
An example of the last type of furnace was discovered in Bargen (Germany), near Schaffausen (Figure 1, a), 
but it did not resist during time. But it seems that it was a type of medieval furnace, from where the lump was 
extracted on the superior part, not on the lateral side. This has appeared for the first time in Pyrenees 
Mountains and, later, it was used in Northern England, in the post - medieval period [4]. The primitive migratory 
citizenries kept using simple bowl furnaces, although there were improved alternatives, like the Slavonian 
furnace, discovered in Zelechovice, Czech Republic (Figure 1, b).      

Another particularity in iron processing in the Medieval Age is the usage of water power; many of the production 
units are located near to stream. But the minor ones were not using water as energy source, because the 
water exploitation was needed a high capital, although the necessary air debit was of 300 L / min was not so 
high and it could be produced using manual implements.  

 
Figure 1 Medieval furnaces, with internal section of 0.3m (After Crossley, D., Ashhurst, D., 1968, [4]) 

a - furnace discovered in Bargen, Germany; b - Slavonian furnace, from Zelechovice, Czech Republic;  
c - furnace with cupola, discovered in Durham, England 

In Europe, only the monastic institutions had enough capital to invest in iron industry, so the evolution, on large 
scale of this industry, was depending of the ascension of religious institutes.     

3. THE BLAST FURNACE EVOLUTION 

The advancement and introduction of blast furnace in Europe was one of the most interesting aspects from 
the history of metallurgy. It is known that the blast furnace was used in China, long before it was used in 
Europe, but it cannot be supposed that it had an independent Europe origin. Its introduction in Europe occurred 
when the relations between orient and occident were well established and all that was needed was a 
cognizance of cast iron helpfulness. Cast iron was produced accidentally for the first time, in the Roman Age 
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and the experimental activities showed that it was possible to produce it in a rabble furnace, with a height of 
2m, if it is used a sufficient quantity of coal. The present evidences certifies that Swedish were the first citizenry 
that used the blast furnace for the first time; this is confirmed by the presence of two sites, Lapphyttan and 
Vinarhyttan [5], from where there were sampled slag assays, which were analyzed in laboratory; the results 
(Table 1) are showing the carbon content in the iron products in the period 1150-1350 A.D. The minor quantity 
of lime can be a result of using ash, as main wood. The communion between Swedish and Eastern Europe, 
through The Volga River, generated the idea that the influences have arrived from China, by the Mongols. 
There was a keen demand of cast iron in the military department, when the wrought iron was not enough for 
manufacturing weapons. In the 15th century, the interest was so strong that determined a development of high 
or low columns of the blast furnace, in order to produce cast iron weapons.        

Table 1 Slag samples analyses resulted from blast furnace usage, in Sweden (After Magnusson, G., [5]) 

% SiO Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O TiO 

Vinarhyttan 
Serning 

62.27 10.10 1.34 4.74 1.44 4.12 4.23 2.63 1.86 0.27 

Lapphyttan 
Bjorkenstamm 

53.90 6.20 - 3.5 11.80 10 12.10 0.91 0.9 - 

The metallurgist observed that some minerals ores were containing a high quantity of flux than others, so they 
tried to produce a more fluid slag. This would have in their composition a great amount of lime. But in these 
furnaces, it could be added lime only as powder, not as a cake, because it would be hard to solubilize. The 
result of these modifications would be the necessity of having a working temperature higher than  
1300 0C, in order to realize that limous slag more fluid.  

During time, it was discovered that a possibility of reducing the fuel consumption would be the usage of a 
higher furnace, to increase the stationary time in intensive reducer conditions [6]. But the cast iron was not 
used in manufacturing weapons in assault time, being preferred the wrought iron; the explanation could be 
that the cast iron could not be produced in large quantities, without difficulties, until the 15th century.       

4. DAMASCENING AND WELDING PROCESSES 

The damascene steel (‘wootz steel’) had a high content of carbon, which, sometimes, was exceeding the value 
of 1.6%. If the small steel ingots were worked using a hammer, until they would transform in thin strips, it would 
be produced a surface decarburization and, when they are welded together on a low temperature, the carbon 
is not dispersing [7]. In order to diminish the tendency to fracture, there were introduced the damascening and 
welding processes. Therefore, until the end of the 10th century, it was performed a new technique, where the 
steel pieces with different percentage of carbon were welded together to obtain an unique piece (for example, 
a blade for sword), which was then thermal treated (Figure 2).  

 

Figure 2 Section in a blade discovered in Japan, dating from 17th century (After Smith, C. S., 1960, [8]) 
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It is difficult to establish the chemical composition of the medieval ingots ‘wootz’. Most of the information are 
obtained from the ingots brought back in Europe by the colonial administrators, in the 19th century. But in this 
period, there were at least two ‘wootz’ ingots: the first one was realized from wrought iron and wood, which 
were introduced in a pot, until there was produced an iron ingot, melted in the interior of the pot. The total 
carbon amount was about 1.6 %, and the ingots had a coarse structure, but homogenous, containing cementite 
and pearlite.  

In the second process, the pots were realized in refractory clay, originating from the granite disintegration, in 
which was added rice chaff. In the pots, there were not added coal or wood, but it was heated in a furnace 
bowl. The ingots resulted from the second process were recently examined and it was discovered that the 
carburization procedure is from the wall of the pot; the carbon content is fluctuating on section, having the 
maximum value in exterior, of 0.8 % and the center was only ferrite.  

Analyzing these processes, it can be concluded that the damascening and welding (of models) are similar. 
The obtained methods of the structures, from welding strips of wrought iron, are as follows: welding the 
decarburized steel strips, welding the carburized wrought iron, combining materials with high and low carbon 
content or different types of steels or meteoritic iron. It is very important that the working temperature could be 
conserved on a low value, in order to obtain complete diffusion.  

The steel produced in the medieval period is containing high quantities of phosphorus therefore it was an 
important commerce product, which was important from the areas rich in iron ore. The metallurgists 
necessitated manufacturing all the working instruments; the gauge instruments were realized in solid steel, 
which was quenched in water. They were forged, hammered down on a grindstone and then cut, using a 
hummer with a cutting girth and, on the other side, gab. In order to increase their hardness, they were sprayed 
with a mixture containing 65 % burned bison horn and 35 % salt. These were heated in fire and then, cooled 
in water.  

To obtain different conditions, which are necessary in the welding heart, for heating on 900 0C and then, for 
carburization, a used method was to envelop the ingot in clay or animal leather. The fire would burn the leather 
until the azoth and carbon compounds; after the carburization, tools were quickly removed from clay layer and 
cooled in water [9].  

5. IRON ARTIFACTS  

At the end of the 13th century is appearing for the first time specializations, as the knife producers of art. Knifes 
were rarely produced from solid steel, because it was too expensive and welding the cutting parts of steel with 
the posterior part was a complex process, so each ironsmith could have its own technique. Some artifacts from 
the medieval period were having thin layers, with a high concentration of arsenic (more than 1%). When the 
iron is heated by a forger, the arsenic content is cumulating in the exterior layers of the iron. In Figure 3, there 
are presented some commune examples used in knife manufacturing. In Figure 3 - a, it is presented the used 
steel as a heart, with a plaque of wrought iron, which can be enfolded on the posterior part, creating sides. 
Figure 3 - b indicates a cutting object, obtained from steel, welded with an iron piece, formed by layers with 
high and low percentage of carbon, sealed together. The ‘white lines’ are, probably, zones with a high content 
of arsenic, due to oxidation during the heating process. The claws were steeled as well as the knife blades 
(Figure 3 - c). The thermal treatment of the cutting objects was efficient and the cementation zones had the 
hardness of 557, 575 and 857HV, which means that they were just as good as the ones used by butchers 
nowadays.  
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a.                                                              b.                                                        c.        
Figure 3 Micrographies of the medieval knifes (After Tylecotte, R. F., 1992, [6]) 

6. IRON METALLURGY IN HUNEDOARA, ROMANIA, IN THE MEDIEVAL PERIOD  

Valea Cernei, being larger in Hunedoara area, has encouraged the establishing of a settlement which started 
to process the iron ore, to realize exchanges with grains and other agricultural products. From antiquity, until 
the medieval period, the iron metallurgy technologies are stable; a major technical improvement is considered 
the producing of a material considered as scrap in that period - the cast iron. Although the chemistry of iron 
carburization was unknown for the forger, from practice, he could observe that, if he added more charcoal in 
the furnace, he could obtain a liquid metal, but if he added less charcoal, he could obtain a lump very good for 
forging. According with the urbanistic plan (Urbarium) [10] from 1681 - 1682, the main smitheries from 
Hunedoara region are presented in Figure 4. 

 
Figure 4 Map of the main smitheries from Hunedoara county (After Ioan R., 1998, [10])  

(1 - Nădrag; 2. Blast furnace from Govăjdie; 3 - Superior Limpert; 4 - Inferior Limpert 5 - Mower Atelier; 6 - Plosca;  
7 - Blast furnace from Toplița; 8 - New Atelier; 9 - Fanci; 10 - Cerna; 11 - Inferior Teliuc; 12 - Perintei;  

13 - Hunedoara Bania; 14 - Zlasti Bania; 15 -Inferior Atelier Runc; 16 - Superior Atelier Runc) 

In this period, in Valea Caselor was operating a furnace (Figure 5), which may be considered an evolved stage 
in the concept of furnace architecture. It was discovered in 1895, at 3 km from village Ghelari (Hunedoara 
region), but it is dating from IX-X centuries AD. The furnace discovered in Valea Caselor is very similar, by 
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architecture and construction, with the furnaces for iron ore reduction, using the Catalan procedure, which was 
frequently used in the French region of the Pyrenees Mountains. The interior profile of the furnace was circular, 
coated in stone; it was enlarged to the exterior and had the configuration of a square shaft. The charging of 
the furnace was realized on the upper part; the material layers (iron ore and charcoal) were disposed 
alternatively and the furnace had bellows, which could be auctioned manual using feet, but the lump was 
extracted on the superior part. 

            

Figure 5 Restoration of the metallurgical atelier and furnace from Valea Caselor (Source: Ioan R, 1998, [10]) 

7. CONCLUSIONS 

Since humanity started to process iron, it was a considerable evolution of the mining and processing 
technologies. In the Medieval Period, an important aspect was the dissemination of the knowledge and welding 
techniques in West Europe. It was introduced the blast furnace; the interest became enough strong, so it 
initiated a development of the blast furnace shaft, to produce cast iron weapons. In order to solve the problem 
of fragility for steels with a high content of carbon, there were introduced the damascening and welding 
processes. In Romania and in Central Europe, all the iron processing activities are organized in ateliers; at the 
beginning of the 16th century, the iron producing ateliers were localized on a stream, because it is the period 
when the entire Europe is using the water energy.      
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Abstract 

The compression strength is well characterized by the ability to transfer compressive stresses through porous 
materials. It can be determined by examining the material on the endurance machine in a single-axis 
compression test. The test was made on a strength machine Zwick / Roell Z100. Cylindrical specimens, made 
from Fe powder (ASC 100.29 and DISTALOY SE) and Fe powder with carbon addiction, about dimensions H 
=14 [mm], d = 16 mm, have been subjected to compression. The initial force was 100 N, while the displacement 
was 1 [mm / min]. Direct compressive strength (Rm) was obtained by examining the maximum value of 
compressive force of data range for deformation stress function. The diversity in the microstructure and porous 
structures properties can lead to fluctuations in the results during the endurance tests. The divergence of the 
Young's modulus of the aluminum porous material can vary from 5 to 30 %, and a compressive strength from 
5 to 15 %. The Young's modulus was calculated on the basis of the range of 0.25 - 0.75 stresses in the linear 
range by dividing the stress by the deformation. 

Keywords: Metallic foam, sintering Fe foam, up-settings characteristics 

1. INTRODUCTION 

Metallic porous materials are a new class of engineering materials that are dynamically researched due to 
their innovative properties [1-6]. The increase in interest in the porosity of materials was influenced by the 
understanding that the porous structure occurs in living organisms, such as in wood morphology or human 
bones, where there is an unusual combination of properties: high rigidity with minimal weight. The development 
of metallic foams (as high porosity materials, ranging from 40 % to 98 % by volume) began more than 20 years 
ago [7]. These unique materials combine properties such as energy absorption, fluid permeability, wavelength, 
low thermal conductivity, and good insulating properties. They can be used as: kinetic energy absorbers, fluid 
filters and impurities, porous welding electrodes, high temperature sealers, heat exchangers [8 - 10]. As the 
field of application of metallic foams dynamically grows, there are many methods of obtaining them. Early 
attempts to obtain a porous structure were based on knowledge of the foaming of polymers, where blown gas 
served as a foaming agent. Another method focused on the formation of a cellular structure by means of 
granules that have been introduced into the liquid metal or into the casting mould [2]. Foams and porous 
materials are commonly produced from ceramics, polymers, and metals such as iron, titanium, copper and 
aluminium [10 - 21]. Components made of the above materials have been successfully used in the space, 
automotive and defence industries. Steel is the most commonly used material of construction, however, porous 
materials made from it has not found wide application [13 - 17]. The reason for this may be problems with the 
availability of steel foams on the market or insufficient number of proposed uses of such material. Many authors 
describe that both the way the test material is being prepared and the research method is used, as a key of 
issues [22 - 27]. The behaviour of the porous materials of uniaxial compression was repeatedly investigated 
[23]. Their results are strongly dependent on the type of material and its structure. Another reason for 
differences in the results is the way the samples are prepared. There are a number of publications on 
conducting upsetting tests for porous materials. Analysed materials show that the samples are generally 
cylindrical or prismatic. The ratio: height to thickness does not exceed 1.5 and the minimum size of tested 
material should be seven times the average pore size. Diversity in the microstructure and properties of porous 
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structures can lead to fluctuations in the results of the strength tests. Divergence for the Young's modulus of 
aluminium porous materials can be from 5 to 30 %, and a compressive strength from 5 to 1 % [1-4]. 

2. EQUIPMENT AND MATERIAL 

The initial stage for the production of porous sinter is to weigh and mix the powders together in appropriate 
proportions. There are four types of mixtures, labelled ASC, ASC + C, SE, SE + C. Table 1 shows types and 
proportions of powders that are components of each blend. 

Table 1 Types and proportions of mixing powders 

 Sample designation 

Composition ASC ASC + C SE SE + C 

ASC 100.29 g 140 140 - - 

DISTALOY SE[g - - 140 140 

Cu g 8 8 8 8 

Fe203 g 16.8 16.8 16.8 16.8 

C g - 1.314 - 1.314 

The sintering of the prepared samples was done in a laboratory tube furnace at 1130 °C, in a reducing gas 
shield. Dissociated ammonia was used as a reducing atmosphere. Ammonia dissociates to nitrogen and 
hydrogen at 850 °C in the presence of an iron catalyst. Such residual gases were directed to the sintering 
chamber into which a sample was placed. Hydrogen was a reducing oxide agent, iron oxide was reduced, thus 
providing protective atmosphere for the sintering process. Excess ammonia as well as the process derived 
products: the nitrogen and water vapour were subject to combustion. 

The mechanical properties of porous materials required preparation of samples in the appropriate form. Prior 
to the measurement of maximum crushing force, sintered shaft had to be properly symmetrical, approximately 
14 mm high and 16 mm high. In Figure 1 a sample after EDM is shown. Unfortunately, shapes differ slightly. 
The compression test is a fundamental study to determine mechanical properties of porous materials. The 
compression test is a fundamental test determining mechanical properties of porous materials. It was made 
on a Zwick / Roell Z100 strength machine. Cylindrical ASC, ASC + C, SE, SE + C samples, sized: H = 14 mm, 
d = 16 mm was subjected to compression. The initial force was 100 N, while the displacement was 1 mm / 
min. 

 
Figure 1 Samples after erosion treatment 

3. RESULTS AND DISCUSSION 

Drawings (Figure 2) represent graphs of the stress strain of deformation in the study. Based on each graph, 
the yield strength was determined. Immediate compressive strength Rm was obtained by investigating the 
value of the maximum compressive stress in the data range for the stress-strain function. The calculated values 
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were presented in Table 2. Young's modulus was calculated from the range of 0.25 - 0.75 linear stress, dividing 
the strain by the deformation. 

 

 

Figure 2 Graphs of the deformed samples as a result of stress strain 

Scientists [15] investigated the mechanical properties of the porous materials of low-alloy iron-based powders. 
The main purpose of their research was to determine whether the properties of porous materials depend on 
the size and pore size of the structure. One of the studies they conducted was to determine the compressive 
strength of the materials tested [24]. They showed that compressive strength decreases with increasing 
porosity in the structure. By analysing the obtained results from the compression test, one can conclude that 
the yield stress decreases as the carbon content in the material decreases. The diffusion bridges in the 
carburized material break do not deform and clamp together, under the force applied. As a result, the overall 
compressive strength is lower. The average compressive force Favg and the maximum displacement value Smax 
were read from the power-displacement graphs prepared for the materials tested. The cross-sectional area 
was calculated from the formula Ao = (3.14.d2) / 4, where d was the sample diameter equal to 16 mm. Work of 
deformation:                       

W=FavgSmax                                                                            (1) 

Medium crushing stress:    

            (2)  

Graphs from Figure 2 show stress strain of deformed samples. The extreme point of line drawn determines 
value of the maximum displacement. The results of the calculations are shown in Table 2. 

 avg 
Favg

A0
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Table 2 The results obtained from compression tests 

Sample R0,2,  MPa Rm, MPa E, GPa 

ASC 6 18.235 0.274 

ASC + C 8 14.308 0.237 

SE 8,7 18.479 0.355 

SE + C 7.5 10.451 0.183 

Analysing the results obtained from compression tests, it can be concluded that the compressive strength Rm, 
and Young's Modulus decreases with increasing carbon content in the material. Compression strength Rm 
was decreased by 3.927 MPa for ASC + C. 8.027 MPa for SE + C composition. Young's Modulus value was 
decreased by 0.01 MPa for ASC + C and 0.172 MPa for SE + C. Increasing carbon content in the structure 
leads to a deterioration of the strength properties of the tested for energy absorption. The external compression 
work was decreased by 5.45 MPa for ASC + C and 4.97 MPa for the SE + C composition. The medium crushing 
stress was decreased by 2 MPa in the case of ASC + C and 4.015 MPa For SE + C.  On the basis of the data 
obtained from the compressive strength test, it is possible to determine the characteristics describing the 
energy absorption - the work of external load and the medium crushing stress of tested materials. 

4. CONCLUSION 

Some test results did not allow us to determine whether the carbon addition strongly influenced the mechanical 
properties of the porous materials. It is important to note that porous material behaves differently than 
continuous material, and there may be problems with the definition according to certain characteristics. The 
yield strength R0,2 increased by 2 MPa for ASC + C, and decreased by 1.2 MPa in the case of SE + C. For the 
purpose of iron based metallic foams usefulness in-depth evaluation, they should be tested further for different 
properties: filtering ability, vibration absorption and acoustic wave scattering. 
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Abstract  

The subject of the work is to present the possibility of using a non-contact optical system for measuring strains. 
Dantec's multi-unit Q-400 3D image correlation system was used. The aim of the study was to determine the 
distribution of displacements and strains on the surface of hybrid welded samples during the tensile test. The 
measurement was mainly used to estimate the mechanical properties of the welded joint, taking into account 
the change in the properties of the various joint zones. Measurement was carried out by tracing the 
displacement of the prepared surface of the tensile sample. In the paper, the results of the studies show the 
displacement and deformation fields for different tensile steps of flat samples to compare the effect of the 
process parameters selection on the mechanical properties of welded joints. Results were compared with the 
results of tensile test of the base material to determine the impact of the welding process change the 
mechanical properties of the investigated steel.  

Keywords: Strains, displacements, 3D image correlation system  

1. INTRODUCTION 

The use of a non-invasive measurement method makes it possible to detect defects more quickly without the 
need for specialist preparation of test specimens. The advantage of using optical measurement methods of 
deformation or stress distribution is the ability to identify changes in the surface of the test material at 
microscale level this allows early identification of the process before its dynamic development. The digital 
image correlation method used images of the object taken at the same time by several optical cameras with 
high sensitivity to deformation and vibration of the object being observed. This method of measurement is 
currently used increasingly to determine the components of stresses, deformations or displacements in 
laboratory conditions, and to identify defects in machine construction components under the influence of static 
loads or dynamic variables over time [1, 2]. Measurement methods allow for easier adaptation to the 
measurement of parts of machine parts in their natural industrial environment under real operating conditions.  

2. THE 3D SYSTEM OF IMAGE CORRELATION  

The Q-400 system used with the ISTRA 4D software is a multifunctional non-contact tool for measuring the 
deformation of a tested object in both two- and three-dimensional coordinate systems. The principles of the 
system are based on relationships existing in the continuous mechanics. Dimensions and positions of the two 
points in the state before and after the deformation are considered. The correct operation of the system is 
based on the appropriate lighting and then the analysis of the light beam reflected from the surface of the 
observed piece before the load and in the subsequent steps of the load for consequence the deformations to 
appear.  

The measurement method is based on the correlation of digital images, recorded with two or more cameras. 
The surface of the object is covered with a layer of white and black paint. The measurement is done by tracking 
spots coated surface of the object subjected to load. Using two digital cameras, it is possible to perform 3D 
analysis. When cameras record a test object from different pages, the position of each point of the object is 
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focused on a specific point in the camera matrix. The position of each point of the examined object in a three-
dimensional coordinate system can be calculated, when all the parameters are known recording, focal lenses 
and the position of the cameras are interrelated. In this way, every point of the object's surface, tracked by the 
camera, can be defined in all planes. Algorithms allow you to correlate the same point on the object plane to 
test all the cameras. Deformation of the object is determined by the observation of the image recorded by the 
CCD camera. Correlation algorithms allow for a maximum displacement of up to 1/100 pixel matrix [3].  

 

Figure 1 View of the surface [3] 

The correlation algorithm tracks the position of the same points in the source image and the distorted image 
(Figure 1). To achieve this square surface containing a set of pixels, it is identified in the source image and in 
the position corresponding to the image after the deformation. There are many parameters that affect the 
accuracy of the results. They concern among other things, the size of the tracked spots, its density. Algorithm 
type the size of the set of points, the overlap of the set of points, etc. [4, 5]. Well optimized input parameters 
allow obtain very accurate results.  

3. THE RESEARCH OF MECHANICAL PHENOMENA  

Tensile test is one of the basic tests to determine the mechanical properties of materials. The research uses 
a universal testing machine Zwick & Roell Z100 with maximum load 100kN and precision 1N force / 0.01 mm 
elongation (without a touch extensometer, Figure 2). To carry out the tensile tests, samples welded at different 
technological parameters, shown in the Table 1 below.  

Table 1 Technological parameters of the process  

Lp. Power 
[kW] 

Welding velocity 

[m / min] 

Velocity of wire   

[m / min] 
Current Intensity  

[A] 
Current voltage 

[V] 
Gap 

g [mm] 

1 3 1 6 195 19 0 

2 3 1 6 190 19 0.8 

3 4 2 9 270 26 0.8 

A modern disk laser was used in the studies Yb:YAG by focusing on the upper surface of the workpiece butt. 
In three tests carried changed laser beam power, the welding speed and the gap between the welded 
components. The first test was treated as a model test, at which correct welded joints with correct mechanical 
properties and mechanical properties were obtained. All samples were welded perpendicular to the rolling 
direction.  
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Figure 2 System of measuring  

The test was prepared and performed according to standard PN-EN ISO 6892-1. In the figure we see an image 
correlation system coupled to a strength machine (Figure 2). Monotonic tensile test samples were made of 
steel S355. For each series of tests, three flat samples were prepared according to standard and cut off with 
water (Water Jet). The tests for base material and samples cut from welded hybrids sheets plate in a leading 
source of the laser beam, in the gas shield 82 % Ar + 18 % CO2, inflatable with the speed 18 l / min and second 
source MIG. Distance mutual sources was constant for all tests and was d = 2mm. The laser beam was focused 
on the top surface of the joint (Z = 0). As a result of the tests, tensile diagrams were obtained (Figure 3), On 
the basis of which the mechanical properties of all analysed samples were determined. An increase in tensile 
strength and yield strength for 2 and 3 welding test can be observed (with gap) and a decrease in the strength 
of the first test compared to the base material (Table 2).  

Table 2 Mechanical properties of tensile samples  

 ReH, [Mpa] ReL, [MPa] Rm, [MPa] 

Base material 362 351 535 

Welded joint 1 343 335 525 

Welded joint 2 359 347 557 

Welded joint 3 373 371 573 

  
Figure 3 Tensile curves for the samples of the base metal and with the welded joint  
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Distributions of strain Ux and Uy in tensile sample of the base material Figure 4 shows. Marked on the image 
line corresponds to a central axis of the sample, wherein the graphs are compared displacements and 
deformations for the welding tests carried out. The image was captured at the time that the necking in the 
tensile sample.  

 
 

Figure 4 Distributions of longitudinal and cross 
displacement to the base material  

Figure 5 Distribution of displacements for t 
= 24 [s] 

Comparison of distributions strain Uy for the 24 time [s] and at the moments of the appearance of the necking 
is shown below Figure 5. The last welded joint is characterized by considerably higher strain in 24 sec. 
compared to other results (Figure 5). This is due to the fact that the welded joint is much faster than the rest 
of the test that exceeds the yield point. In the case of achieving the establishment of the neck before the break, 
the maximum strain levels are similar for each of the trials.  

 
Figure 6 Comparison of longitudinal strain for time t = 24 [s]  

The impact and the level of strain on the comparative figure for the central axis of the sample can be seen in 
Figure 7 much better. Noticeable setoff in welded joints deformations occur in the weld and heat affected 
zone. It can be observed that the highest strain occur during the 24 s the last attempt for welding. This is 
directly related to the accepted sample parameters.  
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Figure 7 Strain distributions along the axis Y  

4. CONCLUSION 

After analysing the results, lower strain levels in the heat affected zone can be observed for the material 
compared to the base material as a result of structural changes in the weld and the HAZ of the joint. The 
results confirm the partial hardening of the welded joint. Visible increase in strain εy in the joint (all made 
attempts) it can be caused by providing additional material into the weld a slightly different chemical 
composition compared to the base material. The obtained results allow for a more accurate analysis of the 
mechanical properties of particular welded zones (joint, HAZ) not limited to the tensile test to determine the 
global value of the size and strength of the weld joint. Double increase in welding speed (joint 3) While 
simultaneously increasing the power of the heat sources of the laser beam and the electric arc completely 
changed the nature and size distribution of strains in the tension welded joint. While the gap between the 
welded components for particular technological parameters of the process does not significantly affect 
mechanical properties of the weld joint. The results can be very helpful in the experimental verification of 
mathematical models and numerical thermo-mechanical phenomena accompanying the process of welding 
and related processes.  
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Abstract 

Electrochemical noise analysis (ENA) was used for the evaluation of corrosion protective properties of patina 
rust layer formed on weathering steel S355J23W after 8 years of exposure test in Berlin atmosphere. 
Electrochemical parameters derived from shot noise theory were obtained and related with changes or 
degradation in tested rust film during 456 h exposure in SO42- and Cl- containing aqueous solution. The 
electrochemical data was compared with other standard corrosion data. 

Keywords: Weathering steel, corrosion loss, protective patina, electrochemical noise 

1. INTRODUCTION 

In spite of an overwhelming evidence as far as the efficiency of low alloying in slowing down the atmospheric 
attack [1, 2], very low attention was payed to possible application of electrochemical measurements on rusted 
specimens of low alloy steels. In fact it was firstly the work at Rome [3] which has shown that e.g. corrosion 
potential and polarization measurements performed in 0.1 M Na2SO4 on rusted specimens of this type of steels 
can be used as emphasizing either effect of the additions on certain physico-chemical properties of the rust or 
their influence on the electrode behavior of steel. Unfortunately any other works on development of potential 
sweep techniques on rusted specimens have not been performed in 0.1M Na2SO4. One of possible reasons 
of this can be the fact that potential sweep techniques are generally considered as destructive for rusted 
specimens.  

In this paper, we demonstrate the possibility to follow the sequence of degradation events in patina rust on low 
alloy steel (which had been exposed to given type of atmosphere for the desired time and then immersed in 
modified version of 0.1 M Na2SO4 solution by means of electrochemical noise analysis (ENA). Although there 
is no established procedure based on ENA applications for study of protective properties of patina on 
weathering steel, ENA is generally accepted as a non - destructive/non - intrusive technique making possible 
monitoring of basic changes in an electrochemically active systems. For these reasons we tested this method 
for monitoring degradation or changes in protective properties of rust film formed by weathering of steel 
S355J23W when it was immersed in 0.1 M Na2SO4 + 0.001 M NaCl. For this solution it was expected that ENA 
measurements can be sensitive to changes in initially protective character of tested patina rust layer if wetting 
period (immersion time in test solution) is excessive. 

2. EXPERIMENTAL 

Test specimen used in this work were small segments cut of weathering steel S355J2W (see chemical 
composition in Table 1) with patina layer covering the whole surface of specimens. Total thickness of this 
patina layer (formed during 8 years of exposure of the mentioned steel to Berlin atmosphere) was 120 μm 

Table 1 Chemical composition of weathering steel S355J2W (wt. %) 

C Mn Si P S Cr Ni Cu Mo V Al Ti N 

0.146 1.400 0.360 0.020 0.010 0.500 0.030 0.300 0.005 0.040 0.0033 0.003 0.006 
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Two identical specimens with the same area of rusted surface (0.382 cm2) exposed to 0.1 M Na2SO4 + 0.001 
M NaCl solution were used as separate working electrodes. All measurements were performed in special cell 
manufactured for EN measurements in SVUOM Ltd. The details and the description of the cell can be found 
elsewhere [4]. As reference electrode was used silver/silver chloride electrode (SSCE) and the potential and 
current noise (ENP and ENC) values for given data set were measured at different exposure times. Due to 
uninterrupted immersion test under conditions indicated above EN signals were recorded on patina electrodes 
using zero - resistance ammetry in open circuit, a procedure believed to be capable monitoring changes of 
corrosion potential at electrochemically active the steel/patina interface as well as noise characteristics from 
the anodic and cathodic reactions occurring on anodic and cathodic sites of patina rust layer. In presented 
work all ENP as well as ENC signals were collected in measurements periods of 600 s with sampling frequency 
of 20 Hz using GAMRY potentiostat with ESA 410 software. Data treatment in both time (Emean values) and 
frequency domain was used with the aim to verify if by means of this test procedure selective evaluation of 
patina rust degradation on experimental steel after long duration atmospheric exposure could be possible. For 
this purpose Fast Fourier Transform (FFT) was used for transforming EN time records to the frequency domain 
where low frequency values of power spectral densities of potential and current (PSDE and PSDI) for given 
bandwidth of EN measurements were estimated. It should be notice these values PSDE and PSDI (0.15 Hz) 
can be related to shot noise parameter q if shot noise theory is applied to EN [5]. In fact q is an indication of 
the mass of metal lost in the event and for given system could be calculated according to the equation  

q = 
B

HzPSDPSD IE )15.0(
                                                                                                           (1) 

only if values B (Stern-Geary constant) is known. 

As B can be assumed to be equal for all EN measurements performed in given system it should not to be 
considered for monitoring changes or degradation in tested rust film. For this purpose we used a new 
parameter, so called statistical noise power (Pn) represented by equation  

Pn = )15.0( HzPSDPSD IE                                                                                                           (2)  

3. RESULTS AND DISCUSSION 

It is believed that a good behavior of patina rust layer (formed on low alloyed steel after long duration of 
atmospheric performance) can be attributed to a layer of α-FeOOH [6]. This layer is formed if the electrode 
potential at rust/steel interface is sufficiently high for Cu and other alloying elements to pass into the rust and 
catalyze the conversion of γ-FeOOH into protective α-FeOOH. If this type of protective patina rust/steel 
interface is exposed to 0.1 M Na2SO4 + 0.001 M NaCl solution it can be expected that the electrode potential 
at rust/steel interface is changing with time. In situation when with increasing time of exposure the potential at 
rust/steel interface is too low for Cu and other elements to pass into rust, non-protective magnetite is formed 
and the rust does not prevent corrosion. In open air conditions of test solution the magnetite formed 
cathodically can be quickly oxidised by air to give fresh ferric rust on patina rust layer. According to it is obvious 
from Figure 1 (where Emean value is used for the electrode potential at rust/steel interface) that protective 
character of patina rust layer exposed to test solution can be preserved for not only to excessive wetting period 
(time of exposure to test solution). It can be expected differences for tested patina layer  should also be 
confirmed by low frequency values of PSDE and PSDI (0.15 Hz) estimated for different times of exposure of 
given system to test solution (see Table 2). When using these values for calculations of Pn values, time 
development of state of degradation for tested patina rust layer according to mechanism mentioned above can 
be depicted (see Figure 1).  
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Figure 1 Evaluation of Emean (vs. SSCE) development with immersion time for patina rust during exposure 

in 0.1 M Na2SO4 + 0.001 M NaCl solution 

Table 2 Low frequency values of PSDE and PSDI (0.15 Hz) for given bandwidth EN measurements  
             estimated from EN measurements performed at different times of exposure of tested patina rust 

Exposure time (hrs) PSDE (V2.Hz-1) PSDI (A2.Hz-1) 

29 1.85 . 10-5 2.20 . 10-14 

96 4.40 . 10-5 1.02 . 10-14 
101 4.70 . 10-5 1.05 . 10-14 
144 5.80 . 10-5 1.05 . 10-14 
173 6.70 . 10-5 1.00. 10-14 
264 8.00 . 10-5 1.72 . 10-14 
288 8.05 . 10-5 2.45 . 10-14 
312 8.35 . 10-5 3.50 . 10-14 
317 8.70 . 10-5 3.83 . 10-14 
336 8.70 . 10-5 4.45 . 10-14 
341 9.00 . 10-5 4.60 . 10-14 
365 9.10 . 10-5 5.85 . 10-14 
437 1.01 . 10-4 1.00 . 10-13 
456 1.01 . 10-4 1.32 . 10-13 

Based on the above findings, the cross-sectional observations of patina rust film for non-exposed and exposed 
surface has been performed (see Figure 2 - 4). The expected features of corrosion resistant patina can be 
seen from Figure 3 as well as anomalous rust formation after 456 hrs exposure in 0.1 M Na2SO4 + 0.001 M 
NaCl solution from Figure 4. 

-500,000

-450,000

-400,000

-350,000

-300,000

-250,000

-200,000

-150,000

-100,000

0 100 200 300 400 500

E 
m

ea
n 

 (m
V)

Time (hours)



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

774 

 

Figure 2 Time development of state of degradation by means of Pn values estimated for tested patina rust 
during exposure in 0.1 M Na2SO4 + 0.001 M NaCl solution 

 
Figure 3 EDX mapping and structure (SEM-ES image) - cross-section of patina rust layer non-exposed to 

0.1 M Na2SO4 + 0.001 M NaCl solution 

 
Figure 4 EDX mapping and structure (SEM-ES image) - cross-section of patina rust layer after 456 hrs of 

exposure to 0.1 M Na2SO4 + 0.001 M NaCl solution 
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4. CONCLUSION 

The results obtained from the metallographic evaluation have been compared with electrochemical parameters 
estimated from EN measurements relating to evaluation of patina rust on experimental steel after long duration 
of atmospheric performance. Possible interpretation was found and reasonably good correlation observed 
between metallographic evaluation and parameters estimated from EN measurements. Although further 
investigation is necessary, the obtained results suggest that EN could be used as selective evaluation of patina 
rust on experimental steels after long duration of atmospheric performance. 
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Abstract 

The paper presents experimental results concerning changes in strength and fracture toughness 
characteristics of Hardox-400 high-strength steel in brittle-to-ductile temperature range from -100 °C to +20 °C. 
It was shown that the values of strength properties increased linearly with the lowering of the temperature 
during the test. The changes in fracture toughness characteristics with temperature are more complex and 
they will be described by the exponential type function. 

Keywords: Hardox-400 high-strength steel, strength properties, fracture toughness  

1. INTRODUCTION  

Over the last decade, the application range of high-strength ferritic steels, namely S960QC, Hardox, Weldox 
has been extended. The steels are used in different structures that often operate are under low temperature 
conditions. In addition to high values of strength properties, those steels often have high plasticity. As a result, 
they show high fracture toughness and a low temperature of transition to brittle fracture. The knowledge of the 
levels of steel properties in the temperature service range is necessary to make a correct assessment of steel 
strength, and to ensure failure-free operation. This study presents the results of investigations which made it 
possible to establish how the changes in Hardox-400 steel strength characteristics and fracture toughness 
depend on temperature in the temperature range corresponding to ductile-to-brittle transition. 

Table 1 Chemical composition of Hardox-400 steel according to manufacturer [3]  

C, % Si, % Mn, % P, % S, % Cr, % Ni, % Mo, % B, % 

0.18 0.70 1.60 0.025 0.010 1.00 0.25 0.25 0.004 

2. TEST MATERIAL  

Tests were conducted on specimens of Hardox-400 steel, the chemical composition of which is shown in 
Table1. The specimens had the form of 30 mm thick plates. Due to the character of thermomechanical 
treatment carried out by the manufacturer, 30 mm thick plates demonstrate a reduction in hardness from 
400 HV on the surface by approx. HV 50 HV, over the thickness, in the central zone, which was reported in 
study [1]. To eliminate the influence of microstructure changes on the level of the material characteristics, the 
tested specimens were cut out from the central part of the plate thickness. Hardox-400 steels exhibit tempered 
martensite structure, with small particles of carbides precipitated along grain boundary, and large particles of 
titanium nitrides enriched with Nb, which was confirmed by EDS analysis of oxides and sulphides [2].Chemical 
composition shows Table 1. 
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3. DETERMINATION OF STRENGTH PROPERTIES AND FRACTURE TOUGHNESS  

Strength properties were determined in the uniaxial tensile test using cylindrical specimens, 5 mm in diameter 
[1]. As can be seen in the Figure 1, determined strength properties, yield strength - y, ultimate tensile strength 
- ut, Young’s modulus - E, material hardening coefficient - n show scatter, which is caused by inhomogeneity 
of the material. The values of mechanical characteristics obtained at different temperatures were described 
with linear functions. Such an approach was proposed by the authors in earlier studies [1]. In this paper, the 
datasets used to establish the dependences between mechanical characteristics and temperature were 
extended. Functional dependences make it possible to obtain averaged values of characteristics, because 
they are compiled on the basis of the data from tests on many specimens. 

a) 

 

b) 

 

Figure 1 Influence of temperature on strength characteristics a) yield strength, ultimate tensile strength, 
b) material hardening coefficient, Young's modulus 

Tests of fracture toughness were conducted on standard single edge notch bending specimens SEN(B), which 
had a thickness of B  = 12 mm and a width of W  =  24 mm. Fatigue cracks were generated from the bottom 
of the chevron notch that was mechanically cut using a controlled force. The length of the fatigue crack ranged 
0.45 < a0 / W < 0.65. Thus, the requirements posed by ASTM standard for SEN(B) specimens preparation for 
by fracture toughness tests were satisfied [4]. The tests at below-zero temperatures were conducted in the 
thermal chamber in the nitrogen vapour medium. To determine the actual crack length in loading, the potential 
drop technique was used [5]. Signals of force, specimen deflection and potential difference that were recorded 
made it possible to plot the curve JR, and to determine a critical value of integral J, JC in the case of crack 
growth in accordance with the ductile fracture mechanism. In the case of brittle fracture occurrence, without 
ductile growth, fracture toughness is determined from formula JC  =  2 A/ (B - (W-a0)), where A is energy, 
determined as the area below the force-specimen deflection curve until the instant of brittle fracture start. The 
condition that specifies the specimen thickness which ensures the domination of the plane strain B > BC = 
25·JC / y was satisfied for all tested specimens, hence JC = JIC [4]. The highest values of fracture toughness 
were found at the temperature of +20 °C. As the temperature decreased, the values of the crack growth and 
levels of the critical values of fracture toughness decreased also. The scatter of data is caused by 
inhomogeneity of steel microstructure and the presence of brittle inclusion particles - sulphides, titanium 
nitrides, and oxides that initiate the fracture process. The procedure for determination of the critical value of 
integral J, JIC, shown in ASTM standards, gives the critical value at the instant when the average length of 
subcritical crack is reached ∆a  =  0.2 mm. In the strength analysis of components with cracks, it is also 
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necessary to know the values of the integral J at the moment of the initiation of subcritical fracture, i.e. Ji. The 
procedure for the determination of the values of Ji is based on the determination of the stretch zone width 
(aSZW), which occurs prior to subcritical crack initiation [6, 7, 8]. Some relations were proposed, which express 
the dependence between aSZW and Ji [9, 10]. The investigations conducted by the authors showed that for 
ductile steels, the formula devised by Shih [10] is the most appropriate one. 

  SZWnfi 2 adσJ                                                            (1) 

where: σf = 0.5(σy + σut); dn - function dependent on the material hardening coefficient n and triaxiality coefficient 
TZ = σ33 / (σ11+σ22), and also implicitly dependent on yield strength σy and Young’s modulus E [10,11,12]; σ11, 
σ22, σ33 - stress components in the direction of crack growth, opening the crack plane and in the direction of 
the specimen thickness. 

Coefficient dn determined on the basis of formulas from study [11]: 
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Values Tz were computed based on stress distribution data, which were determined in numerical methods for 
the specimen longer axis plane. It is done so because the fracture process starts at this site, and the maximum 
level of opening stress σ22 occurs there (Figure 2b). 

a)  b)  

Figure 2 a) curves of the loading force in the function of the crack opening displacement; b) distributions 
of stress components in front of a crack tip in the specimen axis for Ttest = -10°C

 
When making numerical calculations, the process of SEN(B) specimen loading was simulated. The material 
was defined on the basis of true tension curves obtained, for individual temperatures, in uniaxial tensile tests. 
The crack tip was represented as a quarter of an arch with a radius of 10 μm. The loading was performed by 
shifting the loading roll to the site corresponding to the instant the critical value of the integral J, Ji, is reached. 
In calculations, the large strain model was assumed. 

The standards that are available suggest that the computations of the value of the integral J, Ji, should be 
based on the determined stretch zone width [6, 7, 8]. On the fracture surface, this area is observed between 
the fatigue fracture zone and of the crack extension zone (Figures 3a, 4). The measurements of the SZW 
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were taken in compliance with European recommendations reported by ESIS [6] and GKKS [7], and with 
standard ISO-12135:2002 [8]. In accordance with the guidance provided by the standards, the measurements 
of the SZW were taken with SEM JEOL JSM-7100F with field emission. The measurement area was 1 mm in 
length, and it was located in the proximity of the fracture symmetry axis. The distance between the central 
points of measurement areas was 300 μm, and the fracture axis determinant was the crack initiator tip (Figure 
3b). The value of aSZW was obtained due to the measurement of the SZW from three measurement sites. In 
order to determine aSZW from the SZW seen in SEM images, freely available open source IMAGE J software 
was used [13].  

The determination of the SZW by means of estimation of the area offers much more accurate value than that 
from discrete measurements. That results from irregularities in stretch zone occurrence, and in some cases, 
from difficulties in finding the beginning and end of the zone (Figure 4). 

a)

b)  

Figure 3 a) surface profile of the SEN(B) specimen breakthrough; b) view of specimen macro breakthrough  

a)  b) 

Figure 4 Example pictures of SEM with marked fields of the stretch zone surface for specimens for test 
temperature a) 20 0C, b) -80 0C 

Table 2 Calculation results for Tz i dn  

TTEST +20 °C -10 °C -20 °C -50 °C -80°C 

Tz 0.452 0.452 0.444 0.458 0.461 

dn 0.632 0.647 0.67 0.664 0.677 

SZWa  [μm] 46.04 27.90 25.79 18.45 10.00 

Ji [kN / m] 156.26 94.22 85.15 59.06 34.31 

J*IC  [kN / m] 246.73 130.86 107.47 57.67 35.51 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

780 

The critical values of fracture toughness at the fracture initiation instant, Ji were computed using formula (1) 
on the basis of the mean value of the SZW, SZWa . Table 2 shows, for appropriate temperatures, the results 

of calculations of coefficients TZ and dn, of the SZWa and critical values, Ji. The critical values J*IC, which 
correspond to averaged values, found from the exponential regression, are also provided. 

Figure 2a shows exemplary profiles of curves that illustrate the loading of SEN(B) specimens at different 
temperatures. As temperature is reduced, the dependence is broken earlier. That indicates fracture initiation 
occurs at a lower energy level that corresponding to lower values of integral J. In Figure 5 the JIC data are 
denoted as (x), and data Ji - (♦). When temperature reduced, the lower values of both JIC and Ji were observed. 
Large scatter of data is characteristic for values of JIC, especially in the temperature range  
(-20  20 °C). Then, the subcritical crack growth proceeds due to the mixed mechanism, i.e. ductile and brittle 
one. The scatter is caused by large inclusion particles that are found in Hardox-400 steel. Although their 
percentage content is low, they can cause brittle fracture if they are located in front of the crack tip, where the 
maximum level of the opening stress is found [14]. As the temperature is lowered, the cleavage fracture 
becomes initiated by particles of smaller sizes, mainly particles of carbide precipitates. The percentage content 
of such particles is high, and it grows with a decrease in temperature that leads to reduced values JIC, Ji and 
diminished data scatter band (Figure 5). The data were approximated with the exponential function which 
represents the dependence JIC = f(T) for averaged data.  

Critical values of the integral J at the instant of subcritical fracture initiation, Ji, in the temperature range for 
which the subcritical fracture growth proceeds according to the mixed mechanism (-20  20 °C), are located 
lower than JIC. In Figure 5, values of Ji were computed for specimens that showed JIC values close to the 
regression function curve. The difference increases with a rise of the experimental temperature. The reason 
why differences in JIC and Ji values occur is the fact that for ductile growth of the subcritical crack, JIC is 
characterised by fracture toughness for averaged growth having the length of a = 0.2 mm, while Ji - at the 
instant of initiation. For ductile growth, the energy necessary for subcritical crack to grow is taken into account 
when JIC value is calculated. In cleavage cracking, however, when the crack propagation is carried out at the 
expense of the specimen elastic strain energy, the values JIC and Ji that are obtained are close to each other. 

a  

Figure 5 Critical values of JIC (x) and Ji (♦) on test temperature
 

4. SUMMARY 

The paper presented thorough investigations into strength properties and fracture toughness of high strength 
Hardox-400 steel. The investigations covered the temperature range of ductile-to-brittle transition mechanism. 
It was shown that large scatter of values of strength properties and fracture toughness characteristic of Hardox-
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400 steel is caused by inhomogeneity of microstructure and occurrence of large inclusion particles like nitrides, 
sulphates and oxides. It was observed that the scatter bands decrease with temperature lowering. Similar 
trends with respect to temperature-dependent changes of the materials properties were obtained for high-
strength ferritic S960QC steel [15]. The dependence of changes in strength characteristics and fracture 
toughness on temperature was presented in the form of a function. Changes in strength characteristics are 
well described by linear functions. The fracture toughness dependence was shown by means of the 
exponential function. Presenting materials properties in the form of a function makes it possible to obtain 
averaged values that account for the whole set of data. The data should be utilised in further strength analyses 
and numerical simulations. 
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Abstract 

New wear-resistant special cast iron CHMN-35M was produced to be used for parts which are operated under 
the conditions of intense friction loads. Based on obtained results, technical requirements by chemical 
compounds and mechanical properties were determined. Wear resistant properties of experimental material 
in friction couples with a different type of steel were investigated. Experimental samples were tested by static 
and impact bending to evaluate strength and crack resistance of the material. Fractography investigations of 
samples after mechanical test were carried out. Influence of nickel and molybdenum on structure and 
mechanical properties of special cast iron CHMN-35M are presented in this work. 

Keywords: Wear resistant cast iron, cast iron CHMN-35M, tribological properties, nickel and molybdenum  
         influence, martensite in grey cast iron 

1. INTRODUCTION 

Nowadays, the Russian industry uses gray cast iron SCH10 - SCH35 (GOST 1412-85) for serial production of 
parts operating under the conditions of intense frictional loads. In comparison to steels, gray cast iron contains 
free graphite. Free graphite plays a role of solid lubricant which results in enhancing the lifetime of machines 
that are subject to wear [1-8]. However, to ensure the wear resistance of heavily loaded parts operating under 
the shock-frictional conditions, contributions of free graphite in gray cast iron is not enough. This was the 
reason to develop new high strength cast iron with an improved set of basic physical, mechanical and service 
properties (lower propensity to fracture, higher level of resistance to shock, etc.). The development of a new 
grade of cast iron was carried out on the basis of standard gray cast iron SCH35 (GOST 1412-85), which 
included the composition of alloying and modifying additives of nickel, molybdenum, zirconium, barium, 
calcium, aluminum. Added elements with high thermodynamic activity significantly influence the process of 
structure formation of cast iron and also positively influence the shape, size and dispersity of ferrite-pearlite, 
graphite and other structural components. After carrying out several experiments to determine the ratio of 
alloying and modifying elements, a chemical composition of cast iron having high strength and antifriction 
properties was developed [9]. The received iron is given the index of CHMN-35M. It is used in friction couples 
with various steels provided a significant reduction in wear of rubbing surfaces. The check for patent purity 
allowed to declare cast iron as an invention (patent for invention № 2562554) [10]. 

Based on results obtained, technological requirements (TU 0812-001-10036140-2014) by chemical 
composition and mechanical properties of a new grade of cast iron are summarized in Table 1 and Table 2. 
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Table 1 Chemical composition of cast iron 

Grade of the 
cast iron 

Chemical elements [%] 

С Si Mn Mo Ni 
Сr Cu P S 

not more than 

CHMN-35M 2.5 ÷ 2.8 1.3 ÷ 1.5 0.7 ÷ 1.0 0.6 ÷ 0.9 0.5 ÷ 0.8 0.3 0.3 0.2 0.1 

Table 2 Mechanical properties of cast iron 

Grade of cast iron Tensile strength [MPa] 
Brinell hardness [HB] 

not less than not less than 

CHMN - 35M ≤350 (35) 250 300 

2. MATERIAL AND METHODS 

Experimental samples development and further evaluation of the influence of nickel and molybdenum on the 
strength and hardness of cast iron CHMN-35 and CHMN-35M was carried out under the conditions of LCC 
Altai steel plant (Barnaul, Russian Federation).  

Microstructure of cast iron samples was observed using semiautomatic light microscope Axio Observer Z1m 
(Carl Zeiss). 

Impact bending test of experimental samples was carried out on pendulum impact testing machine according 
to GOST 9454-78 at room temperature. Samples with U and V type of concentrators were utilized. Scanning 
electron microscope Carl Zeiss EVO50 XVP was utilized to provide fracture surface micrographs of the 
experimental samples after the impact bending test. 

Investigation of fracture toughness parameters was done on samples with a sharp notch with a three-point 
bend on the universal test machine “Instron 3369” by static bending test (GOST 24648-90). The loading speed 
was 0.2 cm/min. According to the test result, tensile strength σd, yield strength σy, plastic bend deflection fpl 

and destruction work Ad (work of crack initiation Ai and propagation Ap) were evaluated.  

Wear resistance experiments were carried out on frictional testing machine UMT 2168. Samples in a form of 
a couple of “shaft-shoe” were provided for this test. Shaft samples were made from cast irons SCH35 and 
CHMN-35M. As a counter body, the shoes from steel 20GL, 30HGSA and 09G2S were used. 

3. RESULTS AND DISCUSSIONS 

According to the specifications for this material, the nickel content should be from 0.5 % up to 0.8 %. The 
hardness is between 296-300 HB (Figure 1). The nickel content below the limit leads to decrease the 
mechanical properties (e.g. hardness and tensile strength), doping above the limit does not have any 
significant influence (Figure 1).  

Strength studies of the samples with 0.5 - 0.8 % of Ni showed that tensile strength was 368 - 380 MPa which 
met the requirements of the material specification.  

The concentration of molybdenum according to the technical specifications for CHMN-35M should be in the 
range from 0.6 % up to 0.9 %. This concentration provides the hardness of 298 - 303 HB. The decrease of the 
concentration leads to a significant reduction in hardness (Figure 2), while the increase of Mo leads to enhance 
the hardness of more than 300 HB, which is unacceptable by the requirements.  

The tensile strength of samples containing 0.6 - 0.9 % of Mo was 378 - 385 MPa, what met the requirements. 
With increasing of Mo, the tensile strength is greatly reduced due to the increase of hardness. 
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Figure 1 Influence of nickel on hardness and tensile strength of cast iron CHMN-35M 

  
Figure 2 Influence of molybdenum on hardness and tensile strength of cast iron CHMN-35M 

The main differences in the microstructure between cast iron experimental samples (CHMN-35 and CHMN-
35M) and conventional cast iron SCH-35 are characterized by the graphite inclusions. The cast iron SCH-35 
had mixed interdendritic lamellar and uneven distribution of graphite (Figure 3a). In the cast iron CHMN-35, 
the distribution of graphite was mixed by sections of uniform and uneven distribution (Figure 3b). The 
microstructure of CHMN-35M had ferrite-pearlite metal base with uniformly distributed inclusions of lamellar, 
vortex or nest-like graphite. Microstructure of SCH-35 cast iron was perlitic (Figure 4a), while the 
microstructure of CHMN-35M cast iron was perlitic-ferrite (Figure 4b). 

 
Figure 3 Distribution of graphite in cast iron (a) SCH35 and (b) CHMN-35M 
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Figure 4 Microstructure of (a) perlitic cast iron SCH35 and (b) perlitic-ferrite cast iron CHMN-35M 

Impact bending test results are presented in Table 3. Samples had macro-fragile fracture pattern. From the 
given data, it can be seen that the cast iron CHMN-35, as well as cast iron SCH-35, were not sensitive to 
stress concentrators. It is explained by the presence of graphite inclusions, which can be considered as micro-
cracks due to low fracture strength of the graphite.  

Table 3 Impact bending test results  

Grade of the cast iron Impact bending strength КСU [J / cm2] Impact bending strength КСV [J / cm2] 

CHMN-35M 107 - 112 102 - 108 

SCH35 89 - 95 95 - 101 

Static bending test results are summarized in Table 4. This test provided us the information that the iron cast 
CHMN-35M strength was higher than iron cast SCH35. The tensile strength was higher by 23 - 25 %; and the 
yield strength was up by 30 - 33 %. The total work of destruction of cast iron CHMN-35M was 1.5 times higher. 
This difference is mostly based on increased work of crack propagation, since the work of crack initiation had 
low absolute values. 

Comparative fractographic studies of cast iron SCH35 and CHMN-35M showed that destruction mechanism 
of both of the samples was the same. Both in the region of initiation and in the region of propagation of the 
crack, fracture proceeded by a fragile mechanism with a clear predominance of intercrystalline failure. There 
also were the facets of a brittle fracture on the failure surface. The size of the facets in the region of crack 
initiation and propagation for a particular grade of cast iron was almost the same. It should be noted that the 
structure of surface fracture was much more homogeneous. The facets size of the chip was about 1.5 times 
smaller (Figure 5). 

Table 4 Static bending test results  

Grade of the 
cast iron 

d y 
fpl 

Аi Аp А, 

[N / mm2] [J / cm2] 

CHMN-35M 
524 - 559 

541.5 

559 - 559 

559 

0 - 0.02 

0.01 

0 - 0.13 

0.06 

2.08 - 2.29 

2.18 

2.21 - 2.29 

2.25 

SCH35 
429 - 448 

439 

415 - 434 

425 
0.03 

0.13 - 0.15 

0.14 

1.40 - 1.47 

1.44 

1.55 - 1.60 

1.58 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

786 

 

Figure 5 Fracture surface of the samples after impact bending test (KCU) (a) cast iron SCH35, (b) cast iron 
CHMN-35M 

A number of comparative tribo-technical studies have been carried out to establish the dependence of the 
weight wear on a length of a trace due to interaction of the rubbing surfaces. Wear resistance experiment 
results are presented in Table 5.  

Analysis of shafts and shoes wear showed that the wear resistance of shafts made from cast iron CHMN-35M 
was approximately 1.5 times higher than the SCH35 cast iron shafts. 

Table 5 Wear resistance test results 

№ Shape of the 
sample Material Coefficient of friction Weight of worn 

material [g] 
Total wear of friction 

couples [g] 

1 
Shoe 30HGSA 

0.11 - 0.13 
0.12 

1.13 
Shaft SCH35 1.01 

2 
Shoe 30HGSA 

0.10  - 0.12 
0.05 

0.56 
Shaft CHMN-35M 0.51 

3 
Shoe 20GL 

0.12 - 0.13 
0.04 

1.02 
Shaft SCH35 0.98 

4 
Shoe 20GL 

0.11 - 0.12 
0.12 

0.78 
Shaft CHMN-35M 0.66 

5 
Shoe 09G2S 

0.13 - 0.14 
0.45 

0.80 
Shaft 20GL 0.35 

6 
Shoe 09G2S 

0.11 - 0.12 
0.13 

0.69 
Shaft CHMN-35M 0.56 

The presence of molybdenum (0.6 - 0.9 %) and nickel (0.5 - 0.8 %) in the chemical composition of the CHMN-
35M cast iron led to the stabilization of the perlite and ensured the martensite formation in the microstructure 
(Figure 6). Martensite positively influenced wear resistance by reducing the wear. 

Based on the tests result, it can be stated that the cast iron CHMN-35M fully meets the operating requirements 
for the parts working under the long cyclic shock-friction conditions. 
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Figure 6 Marensitic formation in microstructure of cast iron CHMN-35M 

4. CONCLUSIONS 

The influence of nickel and molybdenum on mechanical properties of cast iron CHMN-35M was determined. 
With decreasing of nickel (<0.5 %) and of molybdenum (<0.6 %), the hardness and the strength decreased. 
With increasing of nickel (>0.8 %), the mechanical properties relatively did not change. The increase of 
molybdenum more than 0.9 % led to increase of the hardness and high decrease of strength due to formation 
of molybdenum carbides. The content of Ni from 0.5 % to 0.8 % and of Mo from 0.6 % to 0.9 % in the cast iron 
CHMN-35M provided the formation of martensitic structure, which also had positive influence on strength and 
wear resistance of material. Experimental sample CHMN-35M showed higher mechanical properties in 
comparison to serial cast iron SCH35: the tensile strength was higher on 23 - 35 %, the yield strength was 
higher on 30 - 33 %, and the total destruction work was 1.5 times higher. Fractography investigations of cast 
irons SCH35 and CHMN-35M showed that fracture occurred by the same way both in the region of crack 
initiation and in the region of crack propagation. Fracture proceeded by a brittle mechanism with a clear 
predominance of intercrystalline failure. The facets of a brittle fracture on the failure surface were observed. 
The size of facets of cast iron CHMN-35M was 1.5 times less than the facets of serial cast iron SCH35. 
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Abstract 

The paper contains results of fractal analysis of oxide layers formed on steels used in the power industry. The 
studies were carried out on elements taken from three steel grades: 13CrMo4-5 (T = 470 °C, t = 190000 h), 
X10CrMoVNb9-1 (T = 535 °C, t = 75000 h), 10CrMo9-10 (T = 575 °C, t = 100000 h). The oxide layer was 
studied at the inner and outer surface of the tube wall. The obtained results of studies have shown that the 
fractal analysis results are affected by operational parameters and by the type of formed oxide layers. 

Keywords: Oxide layers, fractal analysis, surface topography 

1. INTRODUCTION 

At present the huge development in research equipment has taken place, especially using in surface 
engineering, such as: SEM, XRD, AFM, TEM [1-24]. Studies on oxidised layers are now carried out more and 
more often, with the application of atomic forces microscopy. Atomic Force Microscopy helps to study the 
texture of a large variety of solid materials by sampling their surface heights z(x,y) followed by numerical 
derivation of statistical and fractal characteristics. This method demonstrated its applicability for studies of 
various structures, including: thin diamond films [25], Fe nanoparticles on foreign substrates [26], and even 
magnetic domains [27]. AFM images exhibit specific texture of the surface under study associated with a 
number of statistical and fractal characteristics that can be derived from the autocorrelation function R 
(Figure 1A) defined as follows: 

          
N n N m

k 1 l 1

1R m,n z k m, y l z k,l
N n N m

 

 

   
  

                                                                   (1) 

where: N - is the number of scan steps along given scan axis, while m, n - integers describing the lag between 
given image and its copy. 

Even though real surfaces are formed in random processes, they might be anisotropic to a certain degree. 
Surface lay of this type can be characterized using the surface anisotropy ratio Str, defined as the fraction of 
extreme decay lengths  along which autocorrelation function falls down from 1.0 to 0.2 [28]: 

                                                                                                                                 (2) 
where: a1, and a2 - are the axes of the fastest and the slowest autocorrelation decay, respectively (Figure 1A). 
As a rule of thumb, Str higher than 0.5, corresponds to isotropic surface, while lower than 0.3 - highly 
anisotropic. Surfaces under study can be also characterized in view of their scaling behavior. To this end the 
autocorrelation function R need to be re-computed into structure function S according to the formula [29]: 

1
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                                                                                                                        (3) 
where: Sq is the root-mean-square surface roughness. Scaling laws define whether and how geometrical 
objects exhibit self-similar properties similar to fractals. Thomas and Thomas [30] showed that the structure 
function averaged along an arbitrary direction could be fit with a power-law dependence in a form: 

                                                                                                                                              (4) 

where D - is the fractal dimension, and K - pseudo-topothesy. As a rule, fractal dimension D influences the 
relative, whereas pseudo-topothesy K the absolute amplitude of surface variations over the wavelengths. As 
shown in Figure 1B, with increasing scale length this power-law behavior steadily vanishes, and the structure 
function asymptotically reaches 2Sq2 value. A point, at which this dependence breaks down is referred to as 
the corner frequency τc.  

Functional parameters can be derived from the Firestone-Abbott curve (Figure 1C) also known as the bearing 
curve. The curve appears after height samples are arranged in a descending order and plotted on the percent 
scale, where 100 % corresponds to the lowest sample in the series. DIN 4776 standard specifies several 
characteristics that can be useful in describing topographical complexity of the surface, including: 

a) kernel roughness depth Sk - thickness of the core at the flattest part of the bearing curve where the 
largest increase in material exists; 

b) reduced peak height Spk, reduced valley depth Svk - thickness of the bearing curve above/below the core 
profile, respectively; 

c) upper bearing area Mr1, lower bearing area Mr2 - intersection points of horizontal lines plotted from both 
ends of the flattest tangent of the bearing curve with that curve that delimit peaks and valleys from the 
core, respectively. 

 

Figure 1 10CrMo9-10 steel - 3out: (A) Example plot of the autocorrelation function R with main directions of 
the anisotropy: a1 and a2. (B) Profile structure function vs. separation lag for monofractal structures.  
(C) Example Firestone-Abbott curve for determining functional properties of the surface under study 

Table 1 Operating parameters of steel and designation of steel 

Designation of steel Operating parameters 

Steel Kind of surface Symbol Temperature, °C Time, h 

13CrMo4-5 
Inner 1in 

470 190000 
Outer 1out 

X10CrMoVNb9-1 
Inner 2in 

535 70000 
Outer 2out 

10CrMo9-10 
Inner 3in 

575 100000 
Outer 3out 

    2
qS m,n 2S 1 R m,n 

   2 2 DS K   
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2. MATERIALS AND EXPERIMENTAL METHODS 

The material studied comprised specimens of 13CrMo4-5, X10CrMoVNb9-1 and 10CrMo9-10 steel taken from 
a pipeline operated for long time at an elevated temperature. The oxide layer was studied at the inner and 
outer surface of the tube wall. Operating parameters of steel and designation of steel were presented in 
Table 1. The topography measurements of oxide layer surface were studied using a Vecco atomic force 
microscope (AFM). The topography examinations were studied using Tapping Mode method. The study 
comprised a fractal analysis of oxide layers formed on steels long-term operated at elevated temperatures. 

3. RESULTS OF EXAMINATION 

Figure 2 presents AFM images of the studied samples surface. The coexistence of two structure types: large 
grains of irregular shape and sizes were approx. 2-3 µm and growing out from them clusters of smaller grains, 
not exceeding 500 nm, is a common feature of most of surface images. The coexistence of both structures 
causes a high variability of the surface height, which reaches 2 µm in the case of samples A-D in Figure 2. 
Samples 3in and 3out (images E and F in Figure 2) show a slightly different topography. In this case the 
surface is much flatter, because small grains exist on it and the presence of larger grains cannot be observed. 
This results in a smaller variability of the surface height, which in both cases does not exceed 1 µm. The 
obtained results Str show (Table 2) that the studied surfaces present a high variability of anisotropy, falling 
within the range from 0.33 (an anisotropic surface) to 0.99 (a perfectly isotropic surface). If in the case of ‘in’ 
samples it is possible to find a trend of growing isotropy (an increase from 0.33 to 0.78), then in the case of 
successive ‘out’ samples such trend was not found. Instead, it has turned out that the ‘1out’ sample is perfectly 
isotropic, ‘2out’ - anisotropic, while ‘3out’ again highly isotropic. All the analysed layers have turned out to be 
mono-fractal structures (with the exception of ‘3in’), which means that in the entire studied length range the 
relative and absolute changes of the surface height can be described using only one index of the scale, i.e. a 
single value of fractal dimension D. The obtained D values fall within the range from 2.28 to 2.43, which proved 
a moderate development of the studied surfaces. However, it is difficult to find some clear relationship for 
values D between samples. This is strange inasmuch as that AFM images (Figure 2) suggest the coexistence 
of two structures of different characteristic dimensions, which should have converted into a bi-fractal 
characteristic of the surface. Only in the case of ‘3in’ sample a clear bi-fractal nature of the surface was found, 
manifesting itself in substantially differing values of fractal dimension D for various ranges of the characteristic 
length. Taking into account the values of corner frequencyc, hence the length of autocorrelation shift, for which 
the exponential scaling law transforms into a constant function, it is possible to notice a trend of decreasing 
values of this parameter while moving from samples 1, through 2, up to 3. It is also possible to add that if the 
series of ‘out’ samples shows a trend of a diminishing corner frequency (from 787 to 488 nm), then in the case 
of ‘in’ samples the changes are not monotonic. What is important, the exponential scaling law very quickly 
transforms into a constant function, because the length of shift does not exceed 15 per cent of the scanned 
area length. Core thickness Sk determines the working thickness of the surface layer, which is responsible for 
tribological properties ins a long period of operation. Small Sk values correspond to higher mechanical 
resistance and load capacity in applications, in which the studied surface is in direct contact with another 
surface. In the studied cases the value of Sk (Table 3) was basically decreasing, moving from the series 1 
samples (500-1000 nm), via 2 (340-430 nm) to 3 (180-240 nm), which may be related to the reduction or even 
disappearance of large grains visible in Figure 2. The reduced peak height Spk shows a similar decreasing 
trend, but only with respect to ‘in’ samples series, for which the value of Spk was seen to fall from approx. 540 
nm to 240 nm. In the case of ‘out’ samples series we would have observed a constant value of Spk of around 
570 nm, if it were not for sample 2out, for which the Spk value goes up to 710 nm. As the Spk defines the surface 
layer thickness, which quickly disappears in contact with another surface due to abrasion processes, the 
obtained values convert into the duration of the surface running-in process, if it is to transfer loads. 
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Figure 2 Surface topography of samples: (A) 1in, (B) 1out, (C) 2in, (D) 2out, (E) 3in, (F) 3out 

Table 2 The statistical and fractal parameters: Str - the surface anisotropy ratio, D - the fractal dimension,  
   τc - the corner frequency 

Symbol of 
samples Str D1 

c1 

[nm] 
D2 

c2 

[nm] 

 
Symbol of samples Str D1 

c1 

[nm] 
D2 

c2 

[nm] 

1in 0.33   2.43 755 2out 0.36   2.39 630 

1out 0.99   2.36 787 3in 0.78 2.52 32 2.35 554 

2in 0.68   2.28 468 3out 0.61   2.32 488 

Small values of Spk are favourable from this point of view, with corresponding short running-in periods. In the 
discussed case the values of Spk reach the same orders of magnitude as Sk. The upper bearing area Mr1 is a 
similar parameter, describing a relative share of peaks in the total surface layer thickness. In the studied case 
Mr1 ranges from 4.8 to 14.5 %, where lower values correspond to samples 1 and 3, while higher ones were 
found for samples of series 2. On the other hand, the depth of channels in the surface layer, in which the 
process fluids may be transported, is described by parameter Svk, defining the thickness of layer remaining 
after the running-in process. From this point of view the obtaining of high Svk values is favourable. The lower 
bearing index Mr2 has a similar meaning; its complement to 100% defines the percentage share of channels 
in the total surface layer thickness. In the analysed cases the Svk values were obtained within the range of 270 
- 650 nm, except for sample 3out, for which Svk was determined as around 80 nm. 
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Table 3 The functional parameters: Sk - kernel roughness depth, Spk - reduced peak height, Svk - reduced  
  valley depth, Mr1/Mr2 - upper/lower bearing area 

Symbol of 
samples 

Sk 

[nm] 

Spk 

[nm] 

Svk 

[nm] 

Mr1 

[%] 

Mr2 

[%] 

 Symbol of 
samples 

Sk 

[nm] 

Spk 

[nm] 

Svk 

[nm] 

Mr1 

[%] 

Mr2 

[%] 

1in 504.12 545.53 279.36 4.8 90.7 2out 436.4 711.31 654.29 14.5 88.3 

1out 1017 572.73 545.88 12.8 96.1 3in 243.48 237.40 497.82 10.9 84.6 

2in 341.53 404.30 272.16 11.3 88.1 3out 183.34 571.08 81.07 9.1 93.9 

4. CONCLUSIONS 

The fractal analysis was performed in the study on samples taken from three steel grades: two low-alloy steels 
(13CrMo4-5 and 10CrMo9-10), and 1 high-alloy steel (X10CrMoVNb9-1). The studies carried out both on the 
inside and on the outside have shown the coexistence of both large grains (2-3 µm) and much smaller ones, 
of approx. 500 nm size. Such structures were observed in all samples, except for the sample of 10CrMo9-10 
steel, on which larger grains were visible. This is proven by the fact that for this steel at these operational 
parameters the previous studies have shown that on the inside the oxide layer is monolithic (only magnetite 
Fe3O4 exists). For samples taken from the inside of tube wall the isotropy was seen to grow with the increasing 
operating temperature. Instead, for samples taken from the outside such relationship was not found. The value 
of parameter Str for steels 13CrMo4-5 and 10CrMo9-10 shows that samples are isotropic, while the layer of 
oxides originated on the high-alloy steel - anisotropic. A similar relationship was observed for parameter Spk, 
where for samples from the ‘in’ series this parameter goes down with increasing temperature. Instead, for the 
outside of the high-alloy steel (2out), contrary to oxides on low-alloy steel (1out and 3out), the value of 
coefficient Spk is the highest. Additionally, the type of formed oxide layers affects the fractal parameters, where 
on the inside there are usually oxides built of one or a few layers, depending on the steel grade (Fe2O3, Fe3O4, 
Fe3O4+FeCr2O4), without deposits. On the outside the values of these parameters may be distorted by the 
additionally forming deposits.       
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Abstract 

Steel construction needs to present high plastic properties especially during dynamic load. It is necessary for 
impact conditions. The way to improve of plastic properties of welds is welding with micro-jet cooling. It is a 
innovative method of welding. After welding with micro-jet cooling the microstructure of weld presents the high 
content of acicular ferrite in weld metal deposit. It allows to obtain a high values of the plastic properties. In 
this paper influence of the micro-jet streams number and the kind of cooling gas on plastic deformation of 
welds was presented. The aim of the paper is comparison of plastic properties of welds made with and without 
micro-jet cooling. 

Keywords: Welding, micro-jet cooling, dynamic load, plastic properties 

1. INTRODUCTION 

Micro-jet cooling is one of forced cooling methods. This method of cooling could be used to cooling of weld 
immediately after welding and it allows o minimize of heat transfer to welded elements. The heat is absorbed 
by the cooling medium [1, 2, 3]. Figure 1 presents changes of weld temperature during welding with and 
without micro-jet cooling.  

 
Figure 1 Changes of weld temperature during welding with and without micro-jet cooling; a) for different 

number of micro-jet streams, cooling medium: Ar; b) for different micro-jet cooling medium, number of micro-
jet streams: 1 

Using of micro-jet cooling for welding influences on microstructure of weld metal deposit (WMD). Goal of this 
is fact of obtain high amount of acicular ferrite (AF) in WMD. It corresponds with mechanical properties of 
welds. The higher amount of AF is present in WMD, the higher values of weld plastic properties are observed. 
Using of micro-jet cooling for welding allows obtain welds with better mechanical properties in comparison to 
ordinary welding method. The percentage of AF in WMD and the plastic properties of the weld can be controlled 
by several variables, e.g.: type of cooling medium, the number of micro-streams. In standard MIG welding 
process high amounts of grain boundary ferrite (GBF) and side plate ferrite (SPF) fractions were usually 
gettable. In welding with micro-jet cooling these fractions were not dominant because time of GBF and SPF 
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formation has been reduced and it is too short to formation of great amount of GBF and SPF. It allowed reduce 
amount GBF and SPF with increase the amount of AF in WMD [1, 2]. Different types of cooling medium and 
different number of micro-jet streams have different effects on the intensity of cooling. 

A interesting method to analyze the behaviour of welded components under impact load is calculation of 
restitution coefficient R. This coefficient describes the absorption of impact energy. It describes which part of 
impact energy is recovered during the second phase of impact (during reflection). For full plastic impact R = 0, 
and for full elastic impact R = 1 - during real impact 0 < R < 1 [4]. Coefficient of restitution R can be determined 
by several methods. One of ways to restitution coefficient calculation is experimental procedure. During 
experimental procedure four pendulum heights and two different mass were used. It allowed obtain several 
impact energies to calculate the coefficient of restitution (equations 1 to 4). 

 (1) 

 (2) 

 (3) 

 (4) 

where: m1 - mass of pendulum, kg; m2 - sum of specimen mass, test stand mass and foundation mass, kg; h1 
- height of pendulum drop, m; h2 - height of pendulum reflect, m. 

2. EXPERIMENTAL PROCEDURE 

Test stand and specimens after tests were shown in Figure 2. The test procedure has been done on single-
blow impact testing machine with modified pendulum. Mass of test stand was about 700 kg and mass of 
pendulum was 20 kg. Test stand has been fixed to the base (foundation), i.e. m2→∞. During investigation two 
heights have been registered: height of pendulum drop (h1) and height of pendulum reflect (h2). 

 

Figure 2 Detail of experimental procedure (a) and welded specimens after investigations: b) specimen 
welded with micro-jet cooling, c) specimen welded without micro-jet cooling; 1 - pendulum, 2, 3 - registration 

device, 4 - specimen 
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During the test procedure, the pendulum has been dropped from height h1. In moment of impact pendulum 
has maximum kinetic energy and the specimen was deformed by pendulum. After that the pendulum returned 
to height h2. During the test, the specimen was supported at the ends, and the impact force was positioned in 
the middle length of the specimen. Pendulum height h1 was from 0.91 m to 1.61 m and impact energy was 
from 178.5 J to 315.9 J. 

3. SPECIMENS 

Specimens have been made with S235JR steel. This is a grade of steel on steel constructions and it is one of 
the most popular steel grade of steel. This steel had following mechanical properties: yield stress 235 MPa, 
tensile strength 380 ÷ 520 MPa and Elongation A50 16 %. Figure 3 shows welded specimens used during 
investigations. 

 
Figure 3 Dimensions of the specimen 

Two parts of investigations were planned. In the first part influence of number of micro-jet streams on plastic 
properties of welds was tested. In the first part cooling medium always was Ar. In the second part of 
investigations influence of cooling medium kind on plastic properties of welds was tested. In the second part 
of investigations number of micro-jet streams always was 1. All welded specimens were welded with MIG 
welding method (Metal Inert Gas). 

 
Figure 4 Top view of localization of the micro-jet cooling stream jets (A, B+C, A+B+C - 3 cases); the grey 
arrows indicates the movement direction; micro-jet cooling streams fall perpendicular to the welded steel 

plates at points A, B and C 

For the first part of investigations five types of specimens were made. It means: specimens without weld, 
specimens welded with traditional MIG method (without micro-jet cooling) and specimens welded with MIG 
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method with using micro-jet cooling by one, two and three micro-jet streams. Different number of micro-jet 
streams allows obtain different cooling conditions and different cooling intensity. For the second part of 
investigations five types of specimens were made. It means: specimens without weld, specimens welded with 
traditional MIG method (without micro-jet cooling) and specimens welded with MIG method with using micro-
jet cooling with different cooling mediums (Ar, N2, He). Different properties of used cooling mediums allow 
obtain different cooling conditions and different cooling intensity. Figure 4 shows arrangement of micro-jet 
streams. The main data about parameters of welding process were shown in Table 1. After welding specimens 
for metallographic investigations were prepared. After showing the metallographic structure measurements of 
the volume fraction of individual phases were made. Grid method had been used for this purpose. A net was 
applied to the structure. The number of nodes falling on a given phase relative to the total number of nodes in 
the grid describes the volume share of a given phase in structure. 

Different amount of AF appeared in WMD after application of micro-jet cooling for welding. In all tested cases 
there were observed also MAC phases (self-tempered martensite, retained austenite, carbide). Acicular ferrite 
with percentage above 70 % was gettable only after Ar micro-jet cooling. For micro-jet cooling with He amount 
of AF in WMD was about 60%. In case if N2 amount of AF was similar to the case of welding without micro-jet 
cooling. The high amount of MAC phases was especially gettable for N2 as micro-jet cooling medium (about 5 
÷ 7%) and it was greater than for standard MIG welding (3 %). For welding with micro-jet cooling with He 
amount of MAC phases was about 4 ÷ 5%. The lowest amount of MAC phases in WMD was obtained for 
welding with micro-jet cooling by Ar. 

Table 1 Parameters of welding process 

Parameter Value / Description 

Diameter of wire and electrode classification 1.2 mm;   G2Si1 / ER70S-3 

Standard current and voltage 220 A;   24 V 

Shielding welding gas Ar 

Kind and pressure of micro-jet cooling gas Ar, He, N2;   0.5 MPa 

Diameter of micro-jet cooling stream 40 µm 

Number of tested micro-jet cooling stream 
1 (A); 2 (B + C); 3 (A + B + C) 

Situated in equilateral triangle with sides 6 mm (Figure 4). 

Weld geometry and number of passes butt weld;   gap 1.5 mm;   1 pass 

Device for welding with micro-jet cooling 
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4. RESULTS AND DISCUSSION 

Different kinds of specimen (with and 
without welds) were tested and compared. 
The computations have been carried out 
with five level impact energy and velocity. 
The results show the average and 
standard deviation of the five tests. Figure 
5 shows the permanent angle measured in 
order to evaluate the plastic strain after the 
impact. 

The first part of investigations includes test for specimens made with different number of micro-jet streams. 1, 
2 and 3 micro-jet streams were tested. Figuire 6a shows the evaluation of the restitution coefficient in function 
of the impact energy. The value of restitution coefficient has decreased when the impact energy has increased. 
These results do not depend on the type of specimen. Specimens without weld have had the largest values of 
restitution coefficient. The smallest value of restitution coefficient has been reached for specimens welded 
without micro-jet cooling. Specimens welded with micro-jet cooling with 1, 2 and 3 micro-jet streams reached 
intermediate values of restitution coefficient, but values for 2 micro-jet streams were the highest and values for 
3 micro-jet streams were the lowest. Figure 6b shows results of plastic strain in function of the impact energy. 
The value of plastic strain has increased when the impact energy has increased. These results do not depend 
on the type of specimen. Specimens without weld have had the smallest values of plastic strain. The largest 
value of plastic strain has been reached for specimens welded without micro-jet cooling (with ordinary MIG 
welding method). Specimens welded with micro-jet cooling with 1, 2 and 3 micro-jet streams reached 
intermediate values of plastic strain. Values of plastic strain for 3 micro-jet streams were the lowest and values 
for 2 micro-jet streams were the highest. Generally, the greater value of impact energy, the greater differences 
in the test results for different kind of specimens can be awaited. Higher number of micro-jet cooling streams 
allows obtain a higher value of restitution coefficient and lower value of plastic strain. For low impact energy 
(178.5 J and 239.4 J) the results were very similar for all kind of specimens. But for higher impact energy 
(276.6 J, 306.1 J and 315.9 J) cracks were observed for specimens welded without micro-jet cooling. For 
specimens welded with micro-jet cooling, were not observed any cracks. Generally, the increase of the number 
of micro-jet cooling stream from 1 to 2 positively influence on the results. This effect is positive, but the influence 
is not significant. Reduction of plastic strain is a desirable property of micro-jet cooling application for welding. 

 

Figure 6 Evaluation of the coefficient of restitution (a) and plastic deformation of specimens (b) in function of 
the impact energy for different number of micro-jet streams 

Figure 5 Detail of angle measure to evaluate the plastic 
deformation 
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The second part of investigations includes test for specimens made with different kind of cooling medium. Ar, 
He and N2 were tested. Figure 7a shows the evaluation of the restitution coefficient in function of the impact 
energy. The value of restitution coefficient has decreased when the impact energy has increased. These 
results do not depend on the type of specimen. Specimens without weld have had the largest values of 
restitution coefficient. The smallest value of restitution coefficient has been reached for specimens welded 
without micro-jet cooling. Specimens welded with micro-jet cooling reached intermediate values of restitution 
coefficient and values for Ar were the highest and values for He were the lowest. Values for N2 were very 
similar for values obtained for specimens welded without micro-jet cooling. Figure 7b shows results of plastic 
strain in function of the impact energy. The value of plastic strain has increased when the impact energy has 
increased. These results do not depend on the type of specimen. Specimens without weld have had the 
smallest values of plastic strain. The largest value of plastic strain has been reached for specimens welded 
without micro-jet cooling. Very similar values were obtained for specimens welded with micro-jet cooling with 
N2 and for specimens welded without micro-jet cooling. Specimens welded with micro-jet cooling with Ar and 
He reached intermediate values of plastic strain. Values of plastic strain for Ar were lower and values of plastic 
strain for He were higher. Generally, the greater value of impact energy, the greater differences in the test 
results for different kind of specimens can be observed. For low impact energy (178.5 J and 239.4 J) the results 
were very similar for all kind of specimens. But for impacts with higher energy (276.6 J, 306.1 J and 315.9 J) 
cracks were observed for specimens welded without micro-jet cooling. For specimens welded with micro-jet 
cooling with Ar and He, were not observed any cracks or fissures. Cracks were observed for specimens welded 
with micro-jet cooling with N2. The best results were obtained for micro-jet cooling with He, but this effect is 
not significant. The worst results were observed for micro-jet cooling with N2. Generally, using appropriate 
cooling medium for micro-jet cooling influence positively on the results can be seen. Based on the 
investigations, it can be noticed that the best choice as micro-jet cooling medium is Ar and the worst is N2. 
Results obtained with N2 are due to the presence of nitrides in the WMD. 

 
Figure 7 Evaluation of the coefficient of restitution (a) and plastic deformation of specimens (b) in function of 

the impact energy for different cooling mediums 

5. CONCLUSIONS 
It was observed that the value of restitution coefficient decreased when the impact energy increased. Minimum 
values of restitution coefficient have been reached for specimens welded without micro-jet cooling system. 
Low values of the plastic strain are presented by the specimens without weld. The highest plastic strain has 
been reached for specimens welded with traditional MIG method, without micro-jet cooling. The presence of 
the weld has affected the plastic properties of the element. Plastic properties of the weld in this case are poor. 
The reason for this is the appearance of the weld and heat affected zone (HAZ). It is observed that the use of 
micro-jet cooling with proper cooling medium for welding could influence positively on the plastic strain. Use 
of micro-jet cooling for welding causes a decrease in the plastic strain value and this protects against cracks. 
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This innovative welding process, using the micro-jet cooling shows good results. On the basis of investigation 
it is possible concluded that: micro-jet cooling is treated as an important element of welding process and it 
could improve plastic properties of the welds; Ar and He could be treated as a micro-jet medium for welding 
process; N2 is not good for micro-jet cooling of welds; great number of micro-jet cooling streams has positively 
influence on plastic properties of the weld. 
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Abstract 

TRIP (transformation induced plasticity) steel are modern structural materials which are currently mainly used 
in an automotive industry. The processing of these steels utilize an effect of transformation induced plasticity 
resulting in good mechanical properties - high strength (up to 1200 MPa) and formability (around  
35 %). TRIP effect is based on stabilisation of sufficient amount of retained austenite and its transformation 
into strain induced martensite in consequence of applied plastic deformation at low temperature. The 
properties of this steel are based on a multiphase microstructure, which consists of ferrite, bainite and retained 
austenite. In this work, CMnSiAl steel was heat treated using various processing parameters. Three different 
temperature of austenitization (850 - 900 - 950 °C) were applied and the samples were subsequently cooled 
by cooling rates in the range of 26 - 32 °C / s to different bainitic hold temperatures ranging 410 - 460 °C. The 
resulting microstructures were evaluated with use of optical and scanning electron microscopy and volume 
fraction of retained austenite was determined using X-ray diffraction phase analysis. Mechanical properties of 
this steel were established by HV10 hardness measurement, which reached the values 260 - 301 HV10. 

Keywords: TRIP steel; partial substitution; retained austenite 

1. INTRODUCTION 

TRIP (transformation induced plasticity) steel has been considered as the most promising structural material 
in the rank of HSS (high strength steel) since it exhibits the best combination of high strength and high ductility. 
The microstructure of these steels is made of a complex aggregate of phases and structures that consist, in 
general, of ferrite, bainite, and retained austenite, but in some cases martensite and carbides may be present. 
Al, Si, and Mn are typically added to the composition of TRIP steel to obtain the characteristic TRIP 
microstructure. Their characteristic high strength and ductility are obtained in cold-rolled steels by subjecting 
them to a specific two-stage heat treatment that consists of an intercritical annealing stage followed by 
isothermal transformation within the bainitic region. The length of the isothermal treatment in the bainitic region 
is critical, as a minimum amount of untransformed (retained) austenite is required to achieve the TRIP-effect. 
Tensile strength between 600 and 800 MPa, together with deformation to fracture above 35 % of TRIP-assisted 
steels are determined by a combination of a ferrite matrix, for ductility, bainite, for strength, and an appropriate 
volume fraction of metastable retained austenite that will transform into martensite during deformation 
enhancing ductility [1-3]. 

In the recent decade, the greatest technological progress in the automotive industry has been made in the 
development and production of advanced high-strength steels (AHSS). These have alloyed reducing the 
weight of the car structure with a simultaneous increase in the passive safety of the vehicles users. Reduction 
of the car weight is directly connected with the complex replacement of mild steels by AHSS and with using 
modern methods of forming sheets combined with highly efficient processes of joining them. AHSS include 
multiphase microstructure steels such as Dual Phase (DP), Complex Phase (CP), and Transformation-Induced 
Plasticity (TRIP). The high strength and plasticity of AHSS can be ascribed to their multiphase microstructure 
and high capability of work hardening during forming [4].  

The increased demand worldwide for high strength steels for automotive applications is driven by the high oil 
prices, new emissions compliance regimes, and higher safety requirements. The higher strength product could 
offer equivalent strength at proportionally reduced thickness, and therefore reduced weight. Transformation 
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induced plasticity (TRIP) steel is a possible candidate for automotive applications, as they demonstrate a high 
ultimate tensile strength (~900 to 1100 MPa) without sacrificing ductility (30 to 40 %). There are two processing 
routes for TRIP steels: one involves cold rolling and intercritical annealing (IA), whereas the other is controlled 
by thermomechanical processing (TMP). The substitution of Si by Al is driven by the need for automotive sheet 
galvanizing, as high Si content degrades the adhesion of Zn by formation of a thin surface oxide layer. Mo 
increases the hardenability of steel and also assists its galvanizing. Micro-alloying additions of carbide or 
carbo-nitride forming elements, such as Nb or Ti, are used for refinement of the microstructure and further 
strength increases. Simultaneous additions of Nb and Mo lead to even further strength increases due to 
NbMoC precipitation hardening [5]. 

2. EXPERIMENTAL DETAILS 

In this work was chosen low-carbon steel micro-alloyed with niobium: 0.2 % C - 1.8 % Si - 1.5 % Mn - 0.06 % 
Nb (Table 1). The heat treatment was carried out in a laboratory furnace on six experimental bars of about 60 
mm in length and 25 mm in diameter (Figure 1). Thermocouples were placed in each experimental samples 
to monitor the temperature flow in the central part. On experimental bars were tested three modes with different 
austenitization temperatures of 850, 900, 950 ºC. The hold at austenitization temperature was in all 
experimental cases 20 minutes. The cooling 
was carried out in all experimental samples in 
salt bath at a temperature of about 400 ºC. 
When the temperature of the samples 
reached 425 ºC, they were placed for 20 
minutes in a laboratory furnace heated at 425 
ºC. The cooling rates for individual 
austenitization temperatures (850, 900, 
950 ºC) were determined to be about 26-32 ºC 
/ s. These values of cooling rates were 
determined from temperature curves recorded 
by attached thermocouples, showing slight 
increase of cooling rate with increasing 
heating temperature. Final cooling was done 
for all experimental samples in the air.  

Thermal parameters of used treatment were 
design with respect to the results obtained at similar CMnSiNb steel without aluminum [6, 7]. 

Microstructural analysis was performed with the use of light and scanning electron microscopy. Transverse 
cross sections were prepared from all experimental bars in a standard way (cutting, mounting, grinding and 
polishing) and all samples were etched in 3 % Nital. The retained austenite volume was determined for the 
microstructures with potential for utilization of TRIP effect using X-ray diffraction phase analysis. The 
mechanical properties were determined by HV10 hardness measurement. 

Table 1 Chemical composition of experimental steel (wt. %) 

C Mn Si P S Cr Ni Cu Al Nb 

0.2 1.5 1.8 0.008 0.005 0.008 0.072 0.058 0.006 0.06 

Figure 1 The experimental bars 
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3. RESULTS 

Ferritic-bainitic resulting microstructure with 15 % retained austenite was found in all experimental samples 
cooled in salt bath. Observed bainite was of a special type typical for TRIP steels, consisting mainly of the 
laths of bainitic ferrite and retained austenite (Figure 2 - 5). Pearlite was not observed in any sample however 
aluminum nitrides were detected in the microstructure of each sample. Their identification was confirmed by 
EDX microanalysis by scanning electron microscopy (Figure 6).  

The resulting microstructure with the lowest austenitization temperature 850 ºC was relatively coarse with a 
small amount of free ferrite placed mainly at prior austenite boundaries. Bainite was above all of a lath type 
and the islands of the M-A component reached the size about 2 micrometers (Figure 3). The austenitization 
temperatures 900, 950 ºC lead to a more homogeneous bainitic microstructures. The bainite still had lath 
morphology, however the amount of bainitic ferrite was gradually decreasing with increasing heating 
temperature and the laths were getting coarser (Figures 4, 5). The amount of free polygonal ferrite decreased 
with growing heating temperature. The coarsest and most homogeneous microstructure was achieved after 
the heat treatment with the highest heating temperature of 950 °C. The bainitic blocks were distributed equally 
in the microstructure and the amount of polygonal ferrite in the final microstructure was negligible (Figure 5).  

Mechanical properties of this steel were established by HV10 hardness measurement. Experimental samples 
with austenitization temperatures of 850, 900 ºC possessed very similar hardness, 268 and 269 HV10 
respectively. The hardness increased in the samples with austenitization temperature of 950 ºC to 292 HV10. 

     

Figure 2 20 min. - salt bath - 425 °C/20 min. Austenitization temperature from the left side: 850 °C, 900 °C, 
950 °C 

 
Figure 3 850 °C / 20 min. - salt bath - 425 °C / 20 min. by SEM  
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Figure 4 900 °C / 20 min. - salt bath - 425 °C / 20 min. by SEM  

 

Figure 5 950 °C / 20 min. - salt bath - 425 °C / 20 min. by SEM  

 
Figure 6 EDX microanalysis by SEM and proof of presence of aluminum nitride 

4. CONCLUSIONS 

The heat treatment was carried out in laboratory furnace on CMnSiAl low alloy steel. Three different 
austenitization temperatures of 850, 900, 950 °C were used and each experimental sample was subsequently 
cooled in a salt bath with a temperature of about 400 °C. 
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The resulting microstructures of experimental samples heated to austenitization temperature of 850 ºC were 
bainitic-ferritic, while for the samples with austenitization temperatures of 900, 950 ºC the microstructures 
turned to predominantly bainitic with decreasing amount of ferrite. All achieved microstructures had potential 
for utilization of the TRIP effect as they contained all microstructures ferrite, bainite and 15 % of retained 
austenite, eventually M-A component. Growing heating temperature resulted in more homogeneous 
microstructures with less polygonal ferrite, smaller amount of bainitic ferrite and longer bainitic laths. The 
decreasing total amount of ferrite in the sample with the highest heating temperature of 950 °C was 
accompanied by increase of hardness by 292 HV10 to 300 HV10. 
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Abstract 

Sharp-edged carbides in high-alloy tool steels reduce their toughness appreciably. Since they form during 
solidification, they are virtually impossible to remove by conventional routes. One of the techniques available 
to meet this purpose involves thermomechanical treatment with transition through the semi-solid state. It relies 
on using temperatures above the solidus, thereby re-dissolving the carbides in the austenitic matrix. The 
resulting structure consists of polyhedral austenite grains embedded in lamellar austenite-carbide network. 
Using appropriate forming parameters, this network can be removed by thermomechanical treatment.  

An experiment was carried out on X210Cr12 steel, combining semi-solid processing and subsequent 
thermomechanical treatment in a press. Hot plastic deformation led to re-dissolution of carbides from the 
eutectic network to the matrix. The rate of cooling after deformation played a major role in the evolution of the 
resulting microstructure. It was found that by varying the cooling rate one can obtain a broad range of hardness 
values. Water quenching led to fine-grained structures consisting of the M-A constituent and fine chromium 
carbides whose hardness exceeded 860 HV10. By contrast, very slow cooling caused pearlite to form, 
producing structures with a hardness of 230 HV10. The process represents an alternative to known and well-
established treatment routes which are normally used for tool steels with chromium carbides. 

Keywords: Semi-solid processing, carbide network, cooling rate, X210Cr12 

1. INTRODUCTION 

Mechanical properties and behaviour of tool steels are given, to a great extent, by the types, shapes, sizes, 
distribution and amount of carbides they contain [1]. Carbides which remain stable even during austenitizing 
greatly improve wear resistance but also reduce toughness, particularly when they are too large and their 
distribution is non-uniform [1, 2]. Carbide formers, such as tungsten, molybdenum, chromium and vanadium 
have a major effect on the size of primary carbides.  

One method for removing primary carbides involves short-time conversion to semi-solid state. As the material 
is heated near the liquidus temperature, carbides dissolve into austenitic matrix which thus becomes enriched 
with alloying elements. While the material is in the semi-solid state, globular austenite particles may form in 
the liquid phase. This fact and the thixotropic behaviour can be useful for shaping difficult-to-form materials [3-
5]. Hence, products with intricate shapes can be manufactured in a single forming step. An important aspect 
is the choice of the processing temperature which controls the liquid fraction and the rheological behaviour of 
the material as well as the resulting microstructure [6]. Steels upon semi-solid processing often contain 
polyhedral austenite grains embedded in a eutectic network [7-9].  

Even though austenite is ductile, the carbide network cannot sustain plastic deformation of sufficient magnitude 
at room temperature. However, it has been experimentally found that these carbides can be redistributed 
uniformly in an austenitic matrix, provided that deformation of appropriate magnitude and intensity is applied. 
Such carbides can contribute to strength and can pin austenite grain boundaries against growth during hot 
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deformation. Deformation and elevated temperature may also cause these carbides to partially dissolve in 
austenite. After reprecipitation, they can contribute to the strength of the matrix. To achieve optimal properties, 
the matrix can be altered by additional heat treatment, such as quenching and tempering. By varying the 
cooling rate, one may obtain mixed microstructures with various hardness levels [6, 10].  

2. EXPERIMENTAL PROGRAMME 

One of the key parameters of a route that combines short-time conversion to semi-solid state and subsequent 
thermomechanical treatment is the choice of the post-deformation cooling rate. Varying this parameter can 
lead to mixed microstructures containing both martensite and pearlite, and thus to various mechanical 
properties. A typical example of tool steels with sharp-edged M7C3 chromium carbides is X210Cr12 steel. 

2.1. Experimental material 

X210Cr12 is a hyper-eutectoid chromium steel with high hardenability (Table 1). It possesses good wear 
resistance, cutting performance and high compressive strength. When produced by the conventional 
metallurgical route, it is characterized by poor toughness due to carbide banding [11]. It is used for cold-
shearing tools, forming tools and extrusion tooling. In addition, it is a suitable material for small durable dies 
for shaping plastic and powder materials, glass, porcelain and ceramics.  

Table 1 Chemical composition of X210Cr12 steel [wt. %] 

C Cr Mn Si Ni P S 

1.8 11 0.2 0.2 0.5 0.03 0.035 

This experimental material in its initial annealed condition contained large sharp-edged primary chromium 
carbides and very fine cementite in a ferritic matrix with a hardness of 220 HV10 (Figure 1). Approximate 
values of transformation temperatures were calculated using the JMatPro software [13]. According to the 
calculations melting starts at 1225 °C and ends at 1373 °C. At 1255 °C, the primary chromium carbides 
dissolve. After semi-solid processing, the steel consists of 96 % austenite in the form of globular grains and a 
ledeburite network (Figure 2), [7]. 

Figure 1 Initial microstructure 
 of X210Cr12 

Figure 2 Micrograph upon semi-
solid processing  

Figure 3 Forging in a press, 
first blow 

2.2. Processing in a press 

In order to introduce the deformation necessary to break up lamellar ledeburite network and initiate austenite 
recrystallization, hot working in a press was used (Figure 3). Because the material becomes partially melted 
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in the process, the billet had been encased in a low-carbon steel container. This simplified the handling, 
reduced the formation of scale and made the temperature field more homogeneous. The container with a 
diameter of 30 mm, wall thickness of 6 mm, and length of 55 mm was made of SJ355 low-carbon steel whose 
melting temperature was above 1400 °C. Heating was carried out in an air furnace. Flat dies were used for the 
forming operation. A total of 7 different procedures were carried out (Table 2). The optimum heating 
temperature identified in earlier experiments was 1240 °C [7, 8].  

Soaking at 1240 °C took 15 minutes. According to a preliminary calculation using JMatPro, the material at this 
temperature should contain 10 % liquid melt. In addition, this temperature is near the temperature of complete 
dissolution of primary chromium carbides. Nevertheless, their fraction is still approximately 7 % at this 
temperature. Soaking was followed by quenching in water for 3 seconds and reheating to the forming 
temperature of 1080 °C and holding for 1.5 minutes. Five alternating upsetting and drawing out reductions 
were carried out in the press. Each forming step involved a reduction by 20 mm. The aggregate forging ratio 
in each step was about 1.6. 

Forging was followed by cooling in various media: water quenching (procedure 1), cooling in still air (procedure 
2), quenching in oil at 80 °C (procedure 3) a cooling in a closed furnace (procedure 4).  
In procedure 5, water quenching was followed by tempering at 250 °C for 60 minutes (Table 2). Procedure 6 
involved no deformation in order to allow the effect of deformation on microstructural evolution to be 
characterized. The effects of repeated dynamic recrystallization on microstructural evolution and grain 
refinement were studied using procedure 7. The workpiece was reheated to the forming temperature  
of 1080 °C between deformation steps.  

Microstructure characterization was carried out using optical and scanning electron microscopes. The 
distribution of chromium was mapped by EDX, and microstructure constituents identified using EBSD. 
Mechanical properties were measured by HV10 hardness testing. 

Table 2 Parameters of thermomechanical treatment procedures 

Procedure 
no. 

Heating 
temperature[°C]/ 

Holding time [min] 

Reheating 
temperature [°C]/ 
Holding time [min] 

No.             
of forming 
steps [-] 

Type of cooling HV10  
[-] 

1 

1240 / 15 

1080 / 1.5 
5 

Water 864 

2 Still air 331 

3 Oil 80°C 778 

4 Closed furnace 229 

5 
Oil 80 °C - Tempering 250 °C / 1 

hour - Still air 
677 

6 0 Water 388 

7 1080 °C / 1.5 min. - 3 forming steps - 1080 °C / 1.5 min. - 3 forming 
steps 1080 °C /1.5 min. - 3 forming steps - water 

896 

3. RESULTS AND DISCUSSION 

Microstructure was observed on longitudinal metallographic sections through the billet centre, i.e. the region 
which was subjected to the largest deformation. Procedure 1 (heating at 1240 °C, five deformation steps and 
water quenching) led to a very fine microstructure with a hardness of 864 HV10 (Table 2). The matrix consisted 
of recrystallized austenite grains with sizes of 0.5 to 1 m, which transformed to martensite during cooling 
(Figures 4, 5). Using X-ray diffraction analysis, this material was found to contain 17 % retained austenite. 
Chromium carbides precipitates were found in the matrix as well. Thanks to the presence of the liquid phase 
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after heating, the microstructure contained distinct remnants of the carbide network along prior austenite grain 
boundaries. Most of this network was fragmented. Primary chromium carbides were almost completely 
removed. EBSD analysis confirmed that the matrix consists predominantly of martensite and Cr7C3 carbides.  

 

Figure 4 Procedure 1 - Martensitic-austenitic matrix 
with fragmented ledeburite network and fine 

chromium carbides precipitates 

 

Figure 5 Procedure 1 - Detail of carbides         
in the fragmented ledeburite network in fine 

recrystallized austenite grains that transformed 
to martensite 

Procedure 2 (cooling in still air) led to a notably different microstructure. As it involved longer cooling time, a 
portion of austenite decomposed into very fine pearlite, both lamellar and spheroidised (Figure 6). The matrix 
consisted of fine recrystallized ferrite grains and contained very fine secondary chromium carbides precipitates. 
All these features were reflected in the resulting hardness of 331 HV10 which was lower than in the previous 
procedure (864 HV10). The eutectic network which had formed due to the presence of the liquid phase was 
substantially broken-up. 

Figure 6 Procedure 2 - Ferrite-
pearlite structure with fine 

chromium carbides precipitates 

Figure 7 Procedure 3 - 
Recrystallized grains of M-A 
constituent, fine Cr carbides 

Figure 8 Procedure 4 - Ferritic 
matrix with chromium carbides  

and spheroidised cementite 

Procedure 3 (oil quenching) involved a cooling rate which was higher than in still air, which is why no pearlite 
was found in the microstructure (Figure 7). The type of microstructure is very similar to the specimen which 
was quenched in water. However, its hardness was lower: 778 HV10 (Table 2). 
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The largest difference from the other workpieces was found in the workpiece which cooled in a closed furnace 
(procedure 4). Its matrix was ferritic with some pearlite (Figure 8). Pearlite was mostly globular and only small 
amount of lamellar pearlite was found. Due to long cooling time, chromium carbides had coarsened. The 
hardness was 229 HV10. The procedure which involved water quenching and subsequent tempering at 250 °C 
for 1 hour led to a very fine microstructure with chromium carbides precipitates. Here, the matrix consisted of 
prior austenite which transformed to martensite and showed strong effects of tempering. Ferrite was found as 
well (Figure 9). However, even the long tempering time did not cause any grain coarsening. The hardness of 
677 HV10 matched the hardness value obtained upon tempering of conventionally-treated steel [11].  

Procedure 6 (short-time conversion to semi-solid state, reheating to 1080 °C and water quenching without any 
plastic deformation) led to a microstructure which is typical of semi-solid processing. Polyhedral austenite 
grains with a size of approximately 50 m were embedded in a lamellar network which consisted of a mixture 
of austenite and carbides (Figure 10). Fine precipitates of chromium carbides did not form and austenite did 
not transform to martensite, which is why the resulting hardness was low: 388 HV10. Even reheating to 
1080 °C has not led to austenite refinement. 

Figure 9 Procedure 5 - 
Tempered martensite 

microstructure with Cr carbides 
precipitates 

Figure 10 Procedure 6 - 
Polyhedral austenite grains 

embedded in a lamellar 
ledeburite network 

Figure 11 Procedure 7 - 
Recrystallized austenite grains 

after transformation to 
martensite, chromium carbides 

precipitates 

The effect of repeated recrystallization was studied using procedure 7 which involved three-step deformation 
and reheating to the forming temperature of 1080 °C. The procedure produced a matrix of recrystallized 
austenite grains which were partially transformed to martensite. Chromium carbides precipitates were globular, 
mostly located along prior austenite grain boundaries (Figure 11). This procedure led to the highest hardness: 
899 HV10.  

4. CONCLUSION 

A process for removing primary chromium carbides was carried out on X210Cr12 steel with the use of 
unconventional thermomechanical treatment routes. These primary chromium carbides form during 
solidification and are impossible to remove by standard heat treatment routes. Therefore, a new route with 
short-time conversion to semi-solid state was developed. It causes chromium carbides to re-dissolve into 
austenitic matrix, and the appropriately-chosen deformation parameters lead to fragmentation of the lamellar 
ledeburite network. Concurrently, dynamic recrystallization of austenite and precipitation of chromium carbides 
take place. In this case, great attention was paid to the rate of cooling from the deformation temperature to 
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room temperature. It was found that final quenching in water produces a very fine structure with grains of the 
M-A constituent of 1m size and with very fine chromium carbides precipitates, which has a hardness of 864 
HV10. At the same time, the ledeburite network that had formed due to the presence of liquid metal was broken 
up to a great extent. Slower cooling rates led to pearlite. Several-hour cooling in a closed furnace led to 
cementite spheroidisation and a drop in hardness to 229 HV10. It was confirmed by this experimental 
programme that in order to refine prior austenite grain, initiate dynamic recrystallization and promote chromium 
carbides precipitation, it is necessary to introduce plastic deformation in a two-phase region. 
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Abstract 

The purpose of the paper was to analyse the effect of diverse heat treatment parameters (normalising and 
tempering) on mechanical characteristics of 508 x 20 x 90° tube bends made of the 10CrMo9-10 steel 
manufactured by bending with local induction heating. The research comprised tests of basic mechanical 
properties and creep at the temperature of 500 °C. With reference to the results thus obtained,  
it has been established that there is a relationship between mechanical properties of samples and individual 
features of their microstructure. Heat treatment parameters triggered changes to the microstructure of the 
bends, compared to an as-delivered tube. These effects included a change of strength characteristics (Rm, 
Rp0,2) and material creep lifetime, as compared with the tube. Heat treatment at a lower temperature and 
shorter tempering time assured the longest creep lifetime. It has also been found that the main structural factor 
determining creep lifetime of bends is grain size. 

Keywords: 10CrMo9-10 steel, heat treatment, tube bending, mechanical properties, creep 

1. INTRODUCTION 

The fundamental criterion applied when choosing steel tubes for purposes of the power engineering industry 
is the creep characteristics of tubes in the as-delivered condition [1, 2]. These characteristics also provide 
grounds for projecting service life of individual power systems. Results of the studies addressed in the paper 
imply that mechanical characteristics of material samples collected at different zones of tube bends, including 
creep characteristics, are considerably diversified compared to the tube material in the as-delivered condition 
[3, 4]. Consequently, service life projecting and assessment of the pipeline system reliability may be 
encumbered with errors, all the more since the effort of material is typically higher at tube bends than in straight 
pipeline sections.  

Tube bends are used in virtually all pipelines intended for the power industry. It is also increasingly common 
that their manufacturing technologies rely on non-conventional methods involving application of local heating 
of tubes while bending [5-9]. 

As the grounds for the research, it was considered reasonable to undertake studies aimed at identification of 
the effect of diversified NT heat treatment parameters on mechanical properties of tube bends manufactured 
with local induction heating. The material subject to tests comprised 508 x 20 tubes made of the 10CrMo9-
10 steel in the as-delivered condition as well as two tube bends made from them, characterised by the bending 
angle of  = 90° and the bending radius of R = 762 mm. They were examined for microstructure and basic 
mechanical properties, and were subject to creep testing at the temperature of 500 °C.  

2. TEST MATERIAL  

Tests were conducted using material samples collected from an as-delivered tube as well as from tube bends 
manufactured on diverse heat treatment parameters. The tube bends, whose geometric features have been 
summarised in Table 1, were subject to NT treatment (normalising and tempering) with parameters provided 
in Table 2. 
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Table 1 Geometric properties of tube bends of 508 x 20, R = 762 mm and  = 90 °. 

Test material 
Tube wall thickness mm 

Cross-section ovalisation 
% Compressed zone gw Tensioned  

zone gz 

Industrial trial #1 27.6 18.2 4.6 

Industrial trial #2 31.7 18.5 4.8 

PN-EN 12952,  
PN-EN 13480 standard requirements >18 >15 <10 

Table 2 Test material condition  

Test material description Heat treatment parameters 

Tube  in as-delivered condition 

Tube bend “1” (HT variant 1) Normalising: 940°C, 20 min,  
tempering: 740°C, 30 min 

Tube bend “2” (HT variant 2) Normalising: 920°C, 20 min,  
tempering: 720°C, 20 min 

Test samples were prepared by collecting them from the material subject to testing in a direction transverse to 
the tube axis and from tube bends, as shown in Figure 1. 

 
Figure 1 Locations of tube bend zones from which samples were collected for material testing:  

s - section straight, e - tensioned (extended) bend zone, c - compressed bend zone. 

3. RESULTS OF MATERIAL TESTS 

The microstructure of the material samples subject to tests was analysed by means of the Olimpus light 
microscope. The observations conducted in the tube material revealed its microstructure to be bainitic with 
ferritic regions. In the material of tube bends, ferritic-bainitic microstructure was found, featuring finer grain in 
the compressed and the tensioned zone as well as with distinctive banding compared to the microstructure of 
the tube bend’s straight zone. Using the MetIlo-12.1 computer program, average size of the “Ā” primary 
austenite grain found in the microstructure of the bend’s tensioned zone was measured [10]. Sample 
microstructures of the tube and the bend material have been shown in Figures 2-5. 
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Figure 2 Bainitic microstructure of an as-delivered 

tube  

 
Figure 3 Ferritic-bainitic microstructure of tube 

bends straight section 

 
Figure 4 Ferritic-bainitic microstructure banding in 

the tensioned zone of tube bend “1” 

 
Figure 5 Ferritic-bainitic microstructure banding in 

the tensioned zone of tube bend “2” 

Table 3 Basic mechanical properties of as-delivered tubes and tube bends 

Material 
Room temperature Temperature 

of 500 °C 

Rm MPA Re MPa A % HV10 KV J Rp0,2 MPa 

tube - T 599 454 25.7 189 247 368 

bend - 
„1” 

straight zone - 1s 506 346 34.3 158 223 222 

tensioned zone - 1e 511 348 34.8 151 128 216 

compressed zone - 1c 518 339 33.1 153 239 214 

bend - 
„2” 

straight zone - 2s 548 379 28.4 163 225 273 

tensioned zone - 2e 535 365 33.0 161 179 254 

compressed zone - 2c 537 351 33.1 160 212 225 

Requirements as per 
PN-EN10216-2 480÷630 >280 >22 150÷197 >27 >180 

Ā = 90 μm2 Ā = 70 μm2 
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The basic mechanical properties of the tube and the bends were assessed on the grounds of results of the 
static tension, hardness and impact tests. Tests of mechanical properties were conducted by means of the 
MTS-810 servo-hydraulic testing machine at room temperature and at 500 °C using cylindrical threaded (M16) 
samples with the diameter of do = 10 mm. The test results thus obtained have been summarised in Table 3.  

Material creep tests were performed at the temperature of 500 °C and the tension of 250 MPa using the ATS-
2330 machine, as specified in the ASTM-E-139 standard. The creep tests consisted in simulation of 
deterioration of the pipeline material, i.e. the 10CrMo9-10 steel, under pre-set operating conditions of a power 
unit. The results thus obtained have been summarised in Figure 6 and in Table 4.  

 
Figure 6 Creep characteristics of material of the as-delivered tube and tube bends 

Table 4 Creep lifetime of the as-delivered tube and tube bends 

Material tube - T 

bend - „1” bend - „2” 

straight  
zone - 1s 

tensioned 
zone - 1e 

compressed 
zone - 1c 

straight  
zone - 2s 

tensioned 
zone - 2e 

compressed 
zone - 2c 

Creep 
lifetime 
 tz h 

378 271 321 352 313 839 1008 

4. RESULTS ANALYSIS 

Having analysed the microstructure test results and the basic mechanical properties, one could establish that 
the mechanical properties (Rm, Re, Rp0,2, HV10, KV) of the as-delivered tube material characterised by the 
bainitic structure were superior compared to the tube bends having a more fine-grained ferritic-bainitic 
structure. However, by comparing the mechanical properties of the tube bends only, one can establish that 
bend „2”, heat treated at lower parameters (see Table 2) leading to formation of a more fine-grained 
microstructure, is characterised by better mechanical properties. At the same time, it can be verified that the 
material of the tube bends made of the 10CrMo9-10 steel conforms with the requirements defined in the PN-
EN 10216-2 standard. 

An analysis of the results implies that the highest creep lifetime value of (tz) represented by the time until the 
sample failure was characteristic of the material of deformed (compressed and tensioned) zones in tube bend 
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„2” having the finest grain in the microstructure. Service life of the same zones in tube bend „1” was 
considerably lower. Having compared the creep characteristics of the bends’ deformed zones only, one may 
conclude that the factor which determined their service life was grain size. The microstructure of the tensioned 
zone in tube bend „2” characterised by finer grain (Ā = 70 μm2) showed higher strain hardening of material, 
lower creep rate and, at the same time, increased service life (Figure 5). In this case, the increased strain 
hardening resulted from the edge dislocation slip being blocked in more numerous grain boundaries in the 
microstructure of tube bend „2”. The changes occurring in the material substructure in tube bends „1” and „2” 
due to the process of bending and the following heat treatment, being the aspect which were not studied, may 
have probably also exerted influence on the diversification of service life of individual zones in tube bends. 

The tests conducted under the research proved that values of the material service life (tz) in the tube bends’ 
straight zones were similar (Figure 6, Table 4), yet lower (by ca. 22% on average) than that of the as-delivered 
tube. Bearing the foregoing in mind, one may assume that the material service life diversification observed 
resulted from the diversification of microstructures (ferritic-bainitic in tube bends „1” and „2”, and bainitic in the 
tube) as well as undoubtedly also of their substructure which, however, was not the subject of the study. For 
it should be noted that the straight zone of tube bends was not bent at high temperatures, and that the heat 
treatment of the tube bends was in fact, compared to the material of the tube being a product of thermoplastic 
forming, a secondary thermal procedure. 

5. CONCLUSIONS 

1) The technological process of manufacture of tube bends made of the 10CrMo9-10 steel, with the 
diameter of 508 x 20 and R = 762 mm, using induction heating and on diversified heat treatment 
parameters triggered changes to the microstructure and mechanical properties of the bends compared 
to the as-delivered tube material. The tube bends featured a fine-grained ferritic-bainitic microstructure, 
whereas that of the tube was bainitic. The consequence of foregoing was inferior mechanical properties 
(Rm, Re, KV, HV10) of the tube bends compared to the tube material.  

2) The mechanical properties (Rm, Re, KV, HV10) of tube bend „1” subject to heat treatment with the 
following parameters: normalising at 940 °C / 20 min and tempering at 740 °C / 30 min were inferior to 
those of tube bend „2” heat treated with the following parameters: normalising at 920 °C / 20 min and 
tempering at 720 °C / 20 min. At the same time, the tube bend material conformed with the requirements 
laid down in standards PN-EN10216-2 and PN-EN12952 for both geometric features and basic 
mechanical properties. 

3) The creep lifetime of deformed zones in tube bend „2” was significantly higher (more than twice) than 
that of the as-delivered tube material as well as of deformed zones in tube bend „1”. 
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Abstract  

A use of selected steels in the industrial practice is very important and frequent and this is the reason why it is 
necessary to know their qualities not only from the standpoint of material, but also regarding its machinability 
with the aim to gain a product of a fine quality in optimal economic conditions. Machinability was compared in 
cases of steel 100Cr6 and steel C56E2 directly in the production process by means of experimental verification 
of deterioration of cutting materials, measurements of dynamics of a cutting process, evaluation of 
macrostructure and quality of surface layers. 

Keywords: Steels, properties, machinability, verification 

1. INTRODUCTION 

Currently, in order to save costs is pressure put in every area of mechanical engineering to reduce costs and 
increase productivity. In the process of machining the reduction includes a reduction of major and minor times 
and cost of cutting tools. The way to reduce the cost of cutting tools, however, does not mean buying cheaper 
and less quality cutting tools, but it is mostly about optimization of its perfect use. Not only tools but mainly the 
material has a great influence on the cutting process [1, 2]. Nowadays, there occurs a tendency of "lean" 
manufacturing, which aims to minimize the work in process, there origins a primary question of stable 
processes. Each machine in the line must be so set up that the next machine does not wait for material, which 
increases a demand on reliability of the process. Optimization of machining processes is essential to meet 
these requirements. The instability process of one machine affects performance and quality of the whole line, 
resulting in higher losses [1, 3]. 

The paper is designed to analyze differences in machined materials 100Cr6 and C56E2, watch the differences 
in the process of machining. Its aim is to verify the effects of alloying addition to machining process. The main 
parameter in this comparison is a test of durability of cutting plate while monitoring cutting blade wear and 
roughness of machined surfaces. Other parameters are cutting forces monitored by cutting force sensor, a 
comparison of microstructure of both materials, monitoring of roughness produced parts and a comparison of 
resulting chips observed in both machined materials [4, 5].    

2. WHEEL BEARINGS 

Roller bearings can be considered as an integrated construction element which allows a mutual movement of 
parts of machinery and equipment while capturing the external forces. The most common assembly consists 
mostly of two rings, rolling elements and the cage. The roller bearing is characterized by a relative rotational 
movement between rings that is realized through the rolling elements that dumps between the raceways and 
simultaneously transmit acting forces [6, 7]. 

Requirements for wheel bearing, (Figure 1): low friction, support of external forces, transferring torque from 
the drive shaft, durability, precise wheel guidance with high stiffness, ensuring placement ABS encoder. 
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Figure 1 The 3rd generation wheel bearing with the ABS encoder, 1- AU-outer ring, 2 - FL - flange on which 
is attached the wheel, 3 - ball, 4 - cage, 5 - the seal, 6 - ABS encoder power [8] 

Other requirements: an easy assembly and disassembly, a maintenance-free operation, corrosion resistance, 
low noise, low vibration, strength, heat resistance, light weight, environmental friendliness [8]. 

For comparison of machinability of materials 100Cr6 and C56E2, we used the following methods and 
measurements: cutting plates wear course (VB, KT), measurement of cutting forces measurement of 
roughness during production and comparison of microstructure. 

3. EXPERIMENTAL VERIFICATION 

The parameters of the machine on which the test was performed: Numerically controlled lathe EMAG VSC 
130 TWIN 

Type of cutting plates used in the test 
Type of cutting plate: TNMG 16 04 12-MF 4215, Figure 2, 
Type of substrate: gradient (WC + Co) 
Technology of the coating: CVD 
Type of coating: MT - Ti(C,N) + Al2O3 + TiN 

 
 

Cutting parameters: cutting speed - vc = 350 m. min-1, feed - f = 0.2 mm, cutting depth - ap = 0.6 mm 

3.1. Evaluation of wear of plate cutting 

In the evaluation of wear of the cutting plate a micrometer method was selected. The method consists of a 
direct measurement of wear of the cutting plate. The evaluation criterion was chosen width of wear of the 
cutting plate on the back of VB and the depth of the groove at the forefront of the cutting plate KT (Figure 3). 

 

Figure 3 Measurement of wear in the VB environment Image Access 

Figure 2 Dimension triangular cutting 
plates  
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Assessment of wear of cutting plate  

On cutting plates there is visible abrasive wear after machining of the both materials (Figure 4). This wear is 
caused by a presence of hard parts in the workpiece. In the case of material 100Cr6 we speak of the presence 
of carbides and in case of C56E2 of the presence of pearlite in a lamellar form. In the photographs of the 
cutting plate damages can be observed also outside a zone of wear. The damage is caused by leaving chips. 
These defects are irregular which could be considered as they are produced by reeling chips. The 100Cr6 
material is softer than the material C56E2 and reeling of chips may occur during machining on the knife. 
Reeling is not suitable for machining, but it can be removed with correct setting cooling. Setting of cooling can 
regulate outgoing chips in a desired direction. 

Due to high hardness of the material C56E2 leaving of chips from the cutting place proves to be better, but 
wear is still significant. Outgoing chips are irregular because of the geometric shape of the workpiece. During 
one operation different profile diameters and outer orbit are turned. In the figures one can observe different 
wear during a production of 50 units. 

          
  a)         b) 

Figure 4 Progressive wear of cutting plate of material a) 100Cr6 and b) C56E2 

From the measured values were set up graph (Figure 5) of a wear course of cutting plates in machining of 
the both materials. 

 
Figure 5 The course of dependence wear VB and KT 

From the graphs of the measured values it is evident that the cutting plate is a subject of a higher level of wear 
when machining the material C56E2 in the both measured parameters (VB, KT) than the cutting plate in case 
of the machined material 100Cr6. Even after turning the first 25 units there were obvious signs of wear. After 
a completion of 200 pieces a difference in wear increases. Because of this reason, we conducted an 
experiment in production, a monitoring of wear of the cutting plate was completed by the end of service life of 
the cutting plate set by the technology department. A continuation of the experiment after the end of service 
life would be very risky in terms of quality and a damage caused by the production of non-conforming parts 
would be high due to the high price of one piece. 
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3.2. The evaluation of roughness 

For comparison of machinability of materials 100Cr6 and C56E2 was studied course roughness of produced 
parts (Figure 6). Measurements were made on the Form Talysurf PGI device manufacturer Taylor Hobson.  

 

Figure 6 Environment Programme Taylor Hobson ultra V4.6.95 

During the life of the cutting plate set up by technology there were roughness elements within the limits 
prescribed of the required drawing values. Even after a service life results had a very good value when they 
did not even reach the drawing value of Rz = 25 μm. The course of the measured data (Figure 7) observed 
for the both materials is opposite, a modification of the measured surface roughness of machined parts occurs 
due to plate wear and creating an increase and their breaking off. For a measurement of maximum height of 
the roughness profile Rz we decided due to an indication of this parameter in the drawing of a produced unit. 

 
a)                                                                         b) 

Figure 7 The course of roughness when machining material a) 100Cr6 and b) C56E2 

3.3. The evaluation of microstructure - see Figure 8 

    
Figure 8 Prepared specimens for evaluation of microstructure 
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The material 100Cr6 is standardly evaluated in the enlargement of 1000:1. In the microstructure we observed 
dark carbides in a bright ferritic matrix (Figure 9). On the sample, a size of carbides is evaluated and its closest 
etalon is 2.1 - 2.2, which is a prerequisite for a relatively fine structure. Etalon standards vary by a number of 
carbides larger than 400 microns. By the assessment of the structure of the material 100Cr6 we exclude the 
presence of lamellar pearlite. The quality is also affected by a distribution of carbides in the material, which is 
even. The material C56E2 is evaluated at a magnification of 100:1, respectively 500:1. The proportion of ferrite 
in the sample has the measured value of 2 - 6 % due to larger secondary grains compared against correlation 
standards. In the material C56E2 there is a visible presence of lamellar pearlite. In case of bearing steels, the 
demand is for low volume of non-metallic inclusions. They are the materials that break off under heavy pressure 
and there also originates pitting. 

      
Figure 9 The structure of the material 100Cr6 (magnification 1000:1) and C56E2 (magnification 100:1) 

3.4. The evaluation of the cutting force 

For a correct measurement we calibrate the device, which consist of a loading of the dynamometer weight in 
all three axes. After instrument calibration we set a required material removal and after a performance of 
measurements we removed the layer ap = 0.4 mm (Figure 10). The measured signals were transformed into 
components of cutting forces in the settings of software Dasy Lab. For the measurement we used the same 
cutting plates. Cutting parameters were not modified. 

 
Figure 10 The measurement of cutting forces on the flange 

Measured values, (Figure 11), show that the cutting forces of both materials differ only slightly, but the stability 
of the cutting process set by the size of the deflection of measured values of cutting force components from 
the central value is worse in the C56E2 material. This instability is related to higher value of ultimate strength 
of the material. The large fluctuation at the end of the cutting process is noticeable and scattered 
measurements in graphs is associated with an intermittent cutting of a place that is recessed and indicates the 
batch of material by letters due to an identification of units. 
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a)                                                                                               b) 

Figure 11 The course of cutting forces during machining of material a) 100Cr6 and b) C56E2 

4. CONCLUSION 

By experimental methods we found out that the material C56E2 is more demanding in terms of machining, 
which we confirmed the hypothesis No.1. Wear of the cutting plate material during machining C56E2 was 
stronger than wear in case of the machining of the material 100Cr6. After a service life of cutting plates after 
machining of the both materials, the cutting plates were capable to cut the required quality but in case of 
increased wear of the cutting blade when machining the material C56E2, one can expect faster weakening of 
the cutting wedges and thus a related higher risk of a fracture of cutting edge plates. The course of roughness 
changed due to the bluntness of plates at the beginning of cutting and a formation of scraps and their breakage 
off. Roughness differences were minimal and by far they did not reach the value of the drawing. We supposed 
higher roughness on parts made of the material C56E2, according to the hypothesis 2, however, we also 
assumed its constant improvement, which was excluded by the measurement. 

The presence of lamellar pearlite in the material C56E2 is a cause of higher abrasive wear of the cutting plate. 
Lamellar pearlite in the material 100Cr6 is excluded. The practical verification of hardness of the materials 
confirms us the higher hardness of the material C56E2 compared to the100Cr6 material. By measuring the 
time required to produce one unit we found out that the time to produce one unit on a lathe is 14.51 seconds. 
The period of the next drilling operations of the center is 16.98 seconds. From the measured periods it is clear 
that the operation of turning has still a time reserve. Therefore, by a slight decrease in feed of the machining 
material C56E2 the service life of the cutting plate can cope or even increase.  

At a time when in the engineering world-wide people look for ways to save, the maximal production of lines 
still remains a priority. By means of a more sensitive evaluation of all aspects of the manufacturing process 
we can optimize a process under conditions to maintain its stability and reliability. 
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EFFECT OF HIGH PRESSURE HYDROGEN ENVIRONMENT ON FATIGUE CRACK GROWTH 
RATE PROPERTIES OF STRUCTURAL STEEL USED FOR CYLINDERS 

KANDER Ladislav1, STEJSKALOVÁ Šárka1, ČÍŽEK Petr1 

1MATERIAL & METALURGICAL RESEARCH, Ltd., Ostrava, Czech Republic, EU 

Abstract  

Paper deals with evaluation of effect of high pressure hydrogen environment with actual pressure of hydrogen 
up to 30 MPa on fatigue crack growth rate properties of structural steel used for cylinders production. 
34CrNiMo6 grade steel was used for experimental programme. A unique new testing equipment (hydrogen 
autoclave) was built in MATERIAL & METALLURGICAL RESEARCH, Ltd. to study degradation mechanism of 
high pressure hydrogen environment on mechanical properties including fracture mechanics properties of 
structural materials. There is comparison of results of crack growth rate in the air and high pressure hydrogen 
presented in the paper. Potential method was used for crack growth monitoring in the hydrogen autoclave due 
to cycling. Effect of hydrogen is presented on fractography examination, change in fracture morphology was 
found on fracture surfaces of tested specimens due to presence of high pressure hydrogen. 

Keywords: High pressure hydrogen environment, fracture mechanics, cylinders, 34CrNiMo6 steel 

1. INTRODUCTION 

This paper presents a short review of information and data from research programme concerned with the 
influence of high pressure hydrogen environment on fatigue crack growth properties of steel used for cylinders 
and gas containment. Although 34CrNiMo6 grade steel (W.N. 1.6582) has been used for many years for the 
storage of hydrogen without major problems, some failures have been reported in recent years [1,2]. Failure 
has usually been associated with the development of circumferential cracks initiated from small manufacturing 
defects on the inner surface of the cylinder, close to the point where the relatively thin, parallel sided wall joins 
the thicker concave base. It is known that 34CrNiMo6 steel shows some susceptibility to hydrogen induced 
crack growth under static load, but there are only a few laboratories in Europe that are able to carry out dynamic 
tests under high pressure hydrogen. This report reviews method and equipment originally developed in 
MATERIAL & METALLURGICAL RESEARCH, Ltd for testing of material resistance against high pressure 
hydrogen up to pressure 30 MPa using fracture mechanics type of the specimens and monitoring fatigue crack 
growth properties.  

2. MATERIAL, EQUIPMENT, TEST METHOD 

For investigation has been used commercial cylinder manufactured from 34CrNiMo6 steel. Basic chemical 
composition of the steel under investigation is given in the Table 1. 

Table 1 Chemical composition of 34CrNiMo6 steel [wt. %] 

C Si Mn P S Cr Mo Ni 

0.30 max. 0.50 max. max.  1.30 0.15 1.30 

0.38 0.40 0.80 0.025 0.035 1.50 0.30 1.70 

Fatigue crack growth properties were measured using longitudinal compact tension test pieces machined from 
cylinders according to Figure 1. 
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Figure 1 Orientation of CT specimens [2] 

All crack growth rate tests were performed in accordance with the testing and evaluation procedures laid down 
in ASTM E 647. Fatigue crack growth rate tests were performed in special hydrogen autoclave manufactured 
from stainless steel originally developed in our company. Hydrogen autoclave was installed on 
servomechanical testing machine MTS 100 kN used in this testing programme.  

All test pieces were fatigue precracked in the air at a frequency of approximately 15 Hz using a value of 
maximum load below that to be used in subsequent test. This procedure was used to produce a fatigue crack 
approximately 1.5 mm long and consequently reduced the time needed to initiate cracking during the tests. 

When the test specimen was installed into hydrogen autoclave, rotary pump was used to evacuate to a 
pressure below 1 Pa prior to the introduction of the gaseous environment. The tests in the hydrogen were 
conducted at pressure 15 MPa and at frequency 7 Hz. These tests used a sine waveform and stress ratio 0.63. 
This value was chosen to simulate the effects of service refilling as closely as possible in the prevailing 
circumstances.  

Throughout each test the crack length was continuously monitored using the ACPD method. Calibration curve 
for ACPD method for 1/2CT specimens is shown in the Figure 2. It can be clearly seen, that calibration curve 
and ACPD method give good results if the crack length is between 11 and 17 mm, which corresponds to crack 
ratio a/W between 0.4 and 0.7. Maximum value of stress intensity factor during the cyclic loading was Kmax = 
27 MPam0,5. This value corresponds to maximum circumferential stress in the wall thickness from numerical 
simulation see Figure 3 [3]. The first aim of the testing programme was to simulate the situation at which small 
manufacture defect appears in the cylinder and after expected minimum lifetime that corresponds to 50 000 
cycles such defect is not able to moving during cycling at high pressure hydrogen. The second step was to 
verify maximum expected lifetime that corresponds to 150 000 cycles at pressure ratio between 95% and 60 
% maximum working pressure (R = 0.63). 

Third part of our testing programme was to evaluate number of cycles at which crack will grow on 1,5 mm. 
Such situation corresponds to the real situation at which small manufacturing defects on the inner surface of 
the cylinder can grow during the working period up to maximum permissible length. 
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Figure 2 Calibration curve ACPD method for CT specimens 

After testing in high pressure autoclave several specimens were chosen for examination using a scanning 
electron microscope. 

 
Figure 3 Numerical simulation of stress distribution [3] 
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3. TEST RESULTS 

Table 2 summarizes all tests conducted in high pressure hydrogen with 34CrNiMo6 steel during the steps 1 
and 2. Three specimens were tested in step one and two in accordance with ISO 11114-4 standard with 
hydrogen pressure 15 MPa. Maximum circumferential stress in real cylinder was calculated using FEM method 
and was found to be Pmax = 346 MPa [4]. which corresponds to a maximum value of stress intensity factor Kmax 
= 27 MPam1/2. R ratio evaluated as the minimum loading divided maximum loading was R = 0.63. Stress 
intensity factor range was calculated to be K = 9.5 MPam1/2 and the test frequency was 7 Hz. 

Table 2 Test results for step 1 and step 2. 

Specimen ID 

Thickness Width Crack length at 
the start 

Crack length at 
the end 

Number of 
cycles 

Note 

B W a0 at N 

(mm) (mm) (mm) (mm) (1) 

L8 

12.5 25.0 

10.96/10.83 10.96/10.83 50 000 not failed 

L9 11.10/11.15 11.10/11.15 50 000 not failed 

L10 11.13/11.20 11.13/11.20 50 000 not failed 

L11 

12.5 25.0 

11.30/11.30 11.52/11.47 150 000 not failed 

L13 11.25/11.55 11.38/11.76 150 000 not failed 

L14 11.10/11.10 11.29/11.22 150 000 not failed 

Table 3 summarizes the crack growth rate measurement test conducted in high pressure hydrogen with 
34CrNiMo6 steel during the step 3. One specimen was tested in step three with the same above mentioned 
conditions. from the Table 3 can be seen that crack needs about 200 000 cycles at given loading to growth 
1.5 mm in length. Even after such number of cycles specimen brittle fracture was not observed and specimen 
was not failed in two parts. 

Table 3 Test results for step 3. 

Specimen ID 

Thickness Width 
Average crack 
length at the 

start 

Average 

crack length at 
the end 

Number of 
cycles 

Note 

B W a0 at N 

(mm) (mm) (mm) (mm) (1) 

L16 12.5 25.0 11.48 12.98 192 528 not failed 

Fractographic examination was used to identify fracture mechanism of crack propagation in high pressure 
hydrogen environment of the steel under investigation. Fractography examination was performed on fracture 
surfaces of the specimen L16 after where significant crack growth, identified using ACPD method, has been 
found after nearly 200 000 cycles, see Table 3. After end of the cyclic in high pressure hydrogen test 
specimens was broken in liquid nitrogen to minimize plastic deformation and fracture surfaces was preserved 
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using alcohol. Fractography analysis was performed on scanning electron microscope JEOL-JSM 5510 and 
results are presented in the Figures 4-6. 

 
Figure 4 Fracture surface, interface between air (precracking) and hydrogen (testing) 

 
Figure 5 Detail of fracture surface precracked in air  

Figure 4 shows visible differences between area precracked in air during preparation of the fatigue crack and 
following are originated from testing in high pressure hydrogen environment, details of both areas observed 
using high magnification are shown in the Figures 5 and 6. Change of fracture mechanism from transgranular 
cleavage to intergranular fracture due to hydrogen embrittlement can be clearly identified. 

4. DISCUSSION 

Effect of high pressure hydrogen on crack growth rate of the structural steels is highly monitored material 
characteristic especially in the case om materials used for cylinders manufacturing. Hydrogen affects fracture 
and fatigue behaviour of bcc metals significantly especially in the case of martensitic structure. Nevertheless, 
experimental work shows high resistance steel under investigation under hydrogen degradation. Crack growth 
rate in the hydrogen was evaluated and even after nearly 200 000 cycles (which is 5x times greater lifetime 
compare with calculated value) neither significant crack growth nor brittle fracture failure was observed. 
Change in fracture mechanisms was observed on the fracture surfaces due to hydrogen, see results of 

hydrogen 

air 
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fractographic analysis (Figures 4-6) which can be taken as an evidence of good practice of the experiments 
and verification of capability to carry out such test in new developed high pressure hydrogen autoclave. Further 
work is continuing focused on effect of R ratio on crack growth rate in hydrogen environment. 

 
Figure 6 Detail of fracture surface tested in high pressure hydrogen 

5. CONCLUSION 

Paper summarizes results of work with new test technique for quantification of effect of high pressure hydrogen 
environment on material properties especially on fatigue crack growth rate. As there is no other similar 
experimental equipment for such type of testing in the Czech Republic, we try in this paper to show both ability 
and first achieved results of this field. Because hydrogen cylinders production is growing and hydrogen as a 
potential resource of energy for the future is expected, knowledge about fracture and fatigue behavior of many 
types of structural materials will be needed soon. We are continuing our study of high pressure hydrogen 
degradation of fracture and fatigue properties of structural materials included both of steels as well as other 
materials.  
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Abstract 

Mould powders significantly influence the correct course of steel continuous casting process, the surface 
quality and subsurface structure of round billets. For many users of continuous casting equipment the choice 
of proper mould powder for the local condition of casting process is still the essential problem. The solution of 
such problem could be empirical equations (worked out in the last years), which with more and more accuracy 
enable to determine the values of physicochemical parameters of mould powders for the parameters of casting 
process of specific steel grade. The article presents the way of using the empiric equations to determine the 
physicochemical properties of mould powders dedicated for casting the round billets (Ø 170 mm) from C45 
steel and their verification in industry. 

Keywords: Mould powder, casting process, physicochemical properties 

1. INTRODUCTION 

Slag creating oxides (SiO2-CaO with addition of Al2O3) are the basic elements of mould powder mixture  
(70 % of the total powder). Small amounts of MgO can be replaced by CaO or alkaline oxides. Oxides of alkali 
earth and fluorine (MnO, Na2O, K2O, Li2O, Fe2O3, FeO, CaF2, MgF2, NaF, LiF) belong to the group of liquefying 
additives (decreasing the melting temperature and viscosity). If the high alloy steel is casted, to the chemical 
composition of mould powder is added also TiO2 and ZrO2. The regulator of mould powder rate is coal in free 
form (e.g. graphite, soot, ground coke). The chemical composition of mould powders is designed basing on 
the mineral components; while mineralogical composition is very often secret of manufacturers. 

Because of the direct contact of the mould powder with the surface of liquid steel in mould it influences the 
changes of the steel surface properties and play the role of lubricants. Mould powders are introduced from the 
top to the mould on the liquid steel surface. Liquid slag as a result of powder melting is moving down among 
the mould creating between the billet surface and mould the slag film composing with some liquid crystalline 
and glassy layers [1]. Therefore, heat transfer through the slag film is strongly dependant on the thickness and 
heat conductivity of each layer. Thickness of slag film in solid state increases with the increase of viscosity and 
decrease of heat transfer quantity. Physicochemical properties of the steel and mould powder as well as 
casting parameters influence the heat transfer between the billet and mould. In the industrial practice the 
calculation of heat transfer can be determined basing on the balance of taken heat by the water cooling the 
walls of the mould. The total heat transfer from liquid billet core to the mould can be estimated as a function of 
temperature of cooling water using the following equation: 

Φ = cp · p · Tm (1) 

where: 
Φ - heat transfer between the strand and the mould, kJ / min, 
Tm - temperature difference between water incoming and outcoming from the mould, °C, 
cp - specific heat of water, kJ / kg / °C, 
p - water flow in mould, kg / min. 
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Values of Φ and T can be the factors informing about lubrication intensity of billet skin, thus about the 
suitability of the applied mould powder. The optimum of lubrication can be achieved regulating appropriately 
with the technological parameters and physicochemical properties of the mould powder. The liquid slag 
solidifies in different temperature depending on the basicity and chemical composition of mould powder. The 
higher is basicity, the higher is temperature of mould slag solidification. The stability of slag coating can be 
kept only if the liquid slag is constantly delivered to the area of mould and billet, what is controlled mainly by 
the depth of liquid slag layer dp on the liquid steel surface [2]. Casting conditions, applied mould powder and 
the format of the mould could influence the depth of liquid slag layer, and it can be 15 - 30 mm for slabs or 6 - 
12 mm for billets [3]. Thus, the measurements of dp is one of the factors used to estimate the lubrication 
intensity of billet skin Qs. The change of liquid slag depth and its viscosity can be caused also by changes of 
friction forces Fr in mould calculated according the following equation: 

p

Ars
r d

svF 



 (2) 

where: 
s - slag viscosity, Puaz, 
vr - relative velocity of mould movement accorrding the billet, m/min, 
dp - depth of liquid phase of mould slag, mm, 
sA - area of mould and billet contact, m-1. 

Friction, which occurs in the lower half-mould between two solid bodies, can lead to flaky slag film, creating air 
emptiness, possibilities of sticking the mould walls to the billet surface; and as a consequence defects creation 
in the billet surface is observed. Figure 1 shows example of billet surface defects caused by excessive friction 
in mould during casting process of C45 steel (Table 1 shows the chemical composition of this steel). 

 

Figure 1 Surface defects of Ø 170 mm billet cast from C45 steel 

Table 1 Chemical composition of C45 steel, % mas 

 C Mn Si S P S Cr Ni Mo Al 

Min. 

Max. 

0.42 

0.50 

0.50 

0.80 

0 

0.40 

0 

0.045 

0 

0.045 

0 

0.045 

0 

0.40 

0 

0.40 

0 

0.10 

0.020 

0.050 

High difference between temperatures of water out-coming to incoming to the mould (ΔT = 8 ÷ 10 °C) is the 
first indication that there is possibility to occur high friction in mould, which is responsible for creating deep and 
non-uniform distributed on the billet circuit oscillation marks. The excessive friction can be caused by different 
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factors (mechanical causes with excessive consumption of mould oscillation units, misplaced guide rolls, 
introduction of starting bar, by application of improper value of oscillation parameters such as stroke, cpm or 
mould powder). 

2. DESIGN OF CHEMICAL COMPOSITION OF MOULD POWDER 

To correct the applied technology it was decided to determine the optimal physicochemical parameters of 
mould powder to the used parameters of casting process of round billets Ø170 mm. For the design of mould 
powder chemical composition the calculation method described in [4] was used. Ferrite potential calculated 
according equation (3) and (4) for steel C45 equals 0.12 (steel type B). Then basing on the condition shown 
in Table 2 it was determined the values of physicochemical properties of mould powder for casting C45 steel 
(see Table 3). 

FPC = 2.5 · (0.5 - [%C]r) (3) 

where: 

[%C]r = [%C] + 0.02 [%Mn] - 0.037 [%Si] + 0.023 [%Ni] - 0.7 [%S] + 0.0414 [%P] + 0.003 [%Cu] - 
0.0254 [%Cr] - 0.0276 [%Ti] + 0.7 [%N] 

 
(4) 

Table 2 Physical parameters of mould powder as a function of ferrite potential 

Physical parameters of mould powder 

Steel groups 

FPC = 0.85 - 1.05 

Steels type A 

PERITECTIC 

FPC < 0.50 

Steels type B 

STICKER 

FPC = 0.51- 0.84 and FPC  > 1.06 

Steels type C 

OTHERS 

Dynamic slag viscosity; η (Puaz) high low average 

Basicity; CaO / SiO2 high low low 

The melting temperature, Tliq (°C) high low average 

Break temp. / viscosity, Tbr / η (°C) high low average 

Mould powder conductivity, k sys.(1200°C) low high high / average 

Slag crystallinity, NBO/T > 2 < 2 ≤ 2 

3. INDUSTRIAL EXERIMENTS 

Round billets Ø 170 mm (C45 steel) are cast in continuous casting (CC) machine (three strands) with arc 
radius R = 6 m. There are installed two electromagnetic stirrers (M-EMS and F-EMS type). C45 steel is cast 
under the mould powder Scorialit SPH C 189/E1 in the full protection of flux through submerged pouring 
nozzles to the Convex type moulds. To increase the quality of round billets firstly the inspection of CC machine 
mechanism and its regulation was done, then casting tests were carried out using new mould powder. Because 
mould powder with the chemical composition described in Table 4 was not present in the steelwork; so powder 
with the nearest physicochemical properties was chosen to industrial tests. It was granular powder Scorialit 
SPH 176/ALS 9 produced by Metallurgica (its characteristics shows Table 5).  

Experiments and industrial measurements were conducted on two strands no 2 and no 3. In casting process 
on strand no 2 powder Scorialit SPH C 189/E1 was used; while on strand no 3 new powder Scorialit SPH 
176/ALS 9. Table 5 presents the average values of casting parameters and measurements of liquid slag depth. 
Basing on equation (1) and (2) the heat flux from liquid steel to the mould and values of friction forces were 
calculated. 
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Table 3 Physicochemical properties of mould powder for casting round billets Ø 170 mm from C45 steel 

Physical 
parameters 

Dynamic slag viscosity at 1300 oC, η1300 6.3 Puaz 

Slag crystallinity, NBO/T 1.47 

% of crystallinity, % -76.2 % 

Mould powder conductivity, ksys(1200°C) 1.75 W / mK 

Chemical 
analysis, 
%mas. 

SiO2 ~ 30.0 % mas. 

CaO + MgO ~ 28.0 % mas. 

Al2O3 ~ 7.5 % mas. 

Na2O + K2O ~ 7.0 % mas. 

MnO ~ 2.0 % mas. 

Li2O ~ 2.0 % mas. 

CaF2 ~ 7.0 % mas. 

Cfree ~ 23.5 % mas. 

Basicity: CaO / SiO2 0.9 

Change of powders from Scorialit SPH-C-189/E1 to Scorialit SPH-C-176/AlS9 caused the change of heat 
condition in mould and lubrication of round billet surface. Preserving the same casting parameters on the both 
strands (no 2 and no 3) it was obtained the biggest depth of liquid flux pool from 3 - 4 mm to 12 - 13 mm to 
Scorialit SPH-C-176/AlS9 advantage. Thank to that the better lubrication condition was obtained and also the 
better heat offtake to the mould walls; as a result there was two degree difference in temperature increase of 
water cooling the mould (ΔT) between two strands. Better lubrication of mould walls decreased over three 
times friction in mould. Visual observation of the strand surface coming out from the secondary cooling 
chamber and billets moving on the runout tables indicated difference in the amount of solidified mould slag 
stuck to billets surface - see Figures 2a and 2b.  

Two times higher percentage of slag crystallity of Scorialit SPH-C-176/AlS9 powder comparing with Scorialit 
SPH-C-189/E1 powder caused the decrease of heat flow flux from billet to mould (about 17348.41 kJ / min). 
On the analyzed strands measurements of thermovision camera revealed the temperature difference on the 
cast billets surface. Temperature of the billet surface in the strand no 3 under tested mould powder was higher 
about 10 °C. The temperature difference of billet surface in strand no 2 and 3 can be reflected in the size and 
structure of dendrites. In strand no 2 and 3 in billets are observed equiaxed dendrites in the range of former 
austenite grains. In billet cast under Scorialit SPH-C-189/E1 main dendrites and their arms are overgrinding 
comparing with billet cast under Scorialit SPH-C-176/AlS9 (see Figures 2e, f). The results of topography 
measurements of billets surface (Figures 2c, d) cast under Scorialit SPH-C-176/AlS9 indicated that the depth 
of oscillation marks decreased about 20 %. 

4. CONCLUSIONS 

Casting under new mould powder Scorialit SPH-C-176/AlS9 undoubtedly improved the lubrication of mould 
walls and the quality of round billets surface. The differences, which were obtained between cast billets on two 
strands, were seen mainly in the size of dendrites. In billet cast under Scorialit SPH-C-189/E1 powder main 
dendrites and their arms are overgrinding comparing with billet cast under Scorialit SPH-C-176/AlS9; however 
that may mean that even though the tested mould powder Scorialit SPH-C-176/AlS9 obtain very good quality 
of billet surface and more favorably condition of lubrication in mould, it still creates the excessive amount of 
mould slag. Excessive creation of slag in mould and then its deposition on the strand surface works as isolator 
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blocking the heat transfer to mould walls, in the same time causing the increase of steel temperature and 
growth of dendrites. 

Table 4 Physicochemical properties of mould powder from Metallurgica plant 

Type Type of mould powder  Scorialit (Sc) SPH-C 189/E1 SPH-C 176/ALS 9 Unit 

C
he

m
ic

al
 a

na
ly

si
s 

SiO2 31.0  33.0 27.5  29.5 % mas. 

CaO + MgO 19.5  21.5 30.0  32.0 % mas. 

Al2O3 4.5   6.0 5.0  6.5 % mas. 

Na2O + K2O 10.0  12.0 2.0  3.5 % mas. 

Fe2O3 1.0  2.5 2.0  3.0 % mas. 

MnO < 0.1 2.5  4.0 % mas. 

Cfree 18.0  20.5 16.0  18.0 % mas. 

CO2 5.5  6.5 5.5  6.5 % mas. 

Ctotal 20.0  22.0 17.5  19.5 % mas. 

F 4.0  5.0 1.0  2.0 % mas. 

H2O600 oC < 0.8 < 1.0 % mas. 

Basicity CaO / SiO2 0.53  0.65 0.99  1.11 - 

Ph
ys

ic
al

 p
ar

am
et

er
s 

Bulk density, ρm 0.50  0.70 0.70  0.90 Kg  /dm3 

Melting point, Tsoft 1000  30 1070  30 oC 

Fluidity point, Tfluid 1080  20 1140  20 oC 

Viscosity, η1300 5.6 7.2 Puaz 
1) slag crystallinity, NBO/T 1.84 1.65 - 

1) percent of crystallinity, % -24.2 -51.4 % 
2) Mould powder conductivity, ksys(1200°C) 1.85 1.72 W / mK 

1), 2) physical properties calculated according equations described in [5,6] 

Table 5 Casting parameters, results of calcualtions and measurements done during industraial experiments 

Type of 
mould 
powder 

Water 
flow in 
mould 

Speed 
of 

casting  

Average 
temp. of 

water 
Mould oscillation 

ΔT  

Depth of 
liquid 
slag 

Friction 
force Heat flux 

P vC Tavg s cp
m fosc dp Fr Φ 

Sc  
189/E1 

1657 l / 
min 

1.91 
m / min 

24 
°C 5 mm 10

5 
199 c 
/ min 

9.1  
°C 

2-3 
mm 

7.5 
kN 

62947.64 
kJ / min 

Sc 
176/ALS9 

1655 l / 
min 

1.91 
m / min 

24 
°C 5 mm 10

5 
199 c 
/ min 

6.6 
°C 

13-14 
mm 

2.2 
kN 

45599.23 
kJ / min 

where: specific heat of water - 4.19 kJ / kg / °C; water density in temperature 24 °C - 997.04 kg / m3 
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     (a)      (b) 

     (c)     (d) 

     (e)      (f) 

Strand no 2 (Scorialit SPH-C 189/E1) Strand no 3 (Scorialit SPH-C 176/ALS 9) 

Figure 2 Exemplary thermograms of cast strand surface a) and b) after coming from the secondary cooling 
chamber, topography of surface (c) and (d) and subsurface microstructure (e) and (f) of Ø 177 mm billet 

The conducted tests with new type of mould powder indicated that the significant improvement of surface 
quality and lubrication of mould walls was observed; however the metallographic research of subsurface area 
of billets showed that it should be carried out additional research of C45 steel casting process under mould 
powder with physicochemical properties more similar to the designed mould powder. 
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Abstract  

This work deals with the proposal for the new evaluation system of calibration data in the VÍTKOVICE STEEL 
Testing laboratories. The main purpose of this work is the best possible use of the information obtained during 
regular calibrations of Charpy impact machine performed according to standard ČSN EN ISO 148-2:2010 - 
Metallic materials - Charpy pendulum impact test - Part 2: Verification of testing machines, and ASTM E23 - 
16 Standard test methods for notched bar impact testing of metallic materials. The results of a direct calibration 
of geometric properties of Charpy impact machine, as well as the results of indirect calibration obtained by 
testing of prepared etalons will be taken into consideration.  

Keywords: Calibration, Charpy impact machine, etalon, testing laboratories 

1. INTRODUCTION  

The manufacturer of the product guarantees the declared quality of his product or service not only within the 
warranty period according to the legislation, but also morally is responsible for ensuring that the product will 
serve as long as possible for its determination to meet the customer's requirements to the maximum extent 
possible. In the case of a metallurgical companies, quality characteristic are not only dimensional parameters 
but also physical properties of steel alloys, such as: hardness, tensile strength, compressive strength, impact 
strength, extension, elasticity and plasticity. In order for the manufacturer to declare the correct values of these 
properties for each batch of products, they must be subject to different evaluations. To ensure that the tests 
were carried out correctly and independently according to the standards under defined fixed conditions and 
the interpretation of the results of these materials tests (e.g. steel, iron, aluminium and others) has been 
objectively and correctly understood, the tests are carried out in accredited testing laboratories equipped with 
appropriate test Machines serviced by experienced staff. Steel tests can be carried out non-destructively where 
there is no permanent change in the shape, chemical composition or structure of the steel material 
(microscopy, ultrasonic defectoscopy, radiological tests) [1].  

The second options are destructive tests, which leads to permanent degradation of samples. These tests are 
carried out to test the mechanical properties of steel, which include, in particular, elasticity; strength; hardness; 
formability; toughness. Each test should be performed independently and should be completed by the test 
report [2]. 

2. CALIBRATION AND UNCERTAINTY 

If a test laboratory wants to be successful on the market, it must demonstrate that it is acceptable to customers. 
Such laboratory must be at least accredited according to ISO / IEC 17025. This standard requires an evaluation 
of measurement uncertainty during calibration of any measurement or control device. Calibration must be 
repeated at appropriate intervals. These intervals, referred to as recalibration periods, are determined by the 
requirements (standards, customer) or chosen by the testing laboratory itself. The methods for determining 
the recalibration period are based on statistical processing of measurement errors, random error or absolute 
values, and comparison with standard deviations of already performed calibrations. These methods focus on 
time-based errors, ie, to detect dependence of error values over a long period of time and display them 
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graphically using a calibration curve [3]. The aim of the calibration is also to confirm that the target value of 
measurement uncertainty can be achieved. Target value can be defined by a standard, customer, or the 
laboratory itself. Measurement uncertainty is therefore a parameter associated to the measurement result that 
characterizes the range of values in which the true value (with defined probability) of the measured 
characteristic lies. There are 4 types of measurement uncertainties totally that are generally labelled u. Type 
A uncertainty is affected only by the random variables. Its calculation results from a statistical analysis [4]: 

u(x ) = s =
∑ ( )                                                                                                                    (1) 

Type B uncertainty is an expert estimate derived from available information and experience. The most frequent 
used information is: 

 gauge manufacturer's data, 
 experience from previous measurements, 
 experience with the properties of the used materials and techniques,  
 data obtained from certificates, 
 the uncertainties of the reference materials and the uncertainty of the standard. 

Type C uncertainty is a combined standard uncertainty of measurement obtained by combining Type A and 
type B uncertainty [15]: 

푢(푦) = ∑ 푢(푥 ) = 푢(푥 ) + 푢(푥 ) + 푢(푥 ) +. . .                                                                   (2) 

Extended uncertainty (type D) is the combined standard uncertainty multiplied by the coefficient k. For Normal 
distribution, the most commonly used value is k = 2, which represents a 95%confidence interval. 

VÍTKOVICE TESTING CENTER Ltd. provides comprehensive services in the field of materials testing and 
gauges calibration. These laboratories test the mechanical and technological properties of steel, alloys and 
non-ferrous metals and provide other special services according to customer requirements and regulations. 
These are e.g. tensile tests, impact tests, bend tests, hardness tests, weld metal bend tests, and DWTT etc. 

 

 

     Figure 1 PH Version CHV 200 Charpy hammer                  Figure 2 Charpy hammer testing principle 

Calibration of the "Pendulum Impact Testing Machine" or Charpy Hammer (Figure 1 and Figure 2) is carried 
out once a year - according to standard EN ISO 148-2: 2010 " Metallic materials - Charpy pendulum impact 
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test - Part 2: Verification of testing machines " and according to the American Standard ASTM E23 - 16b" 
Standard Test Methods for Notched Bar Impact Testing of Metallic Materials " [5]. 

Direct calibration is realized, consisting of measurement of geometric values and evaluation of the physical 
properties of parts of the test equipment, and indirect calibration during which a set of etalons prepared 
according to the above standards for a given type of testing. These etalons must be prepared to cover the 
entire testing range of the Charpy hammer (0 - 400 J). In the first part a direct calibration is performed. The 
following geometric characteristics of the device are measured and calculated (Table 1) 

Table 1 Calibration data evaluated on the Pendulum Impact Testing Machine 

Input variables Output variables Other variables 

Force F developed by a 
pendulum 

The values of absorbed energy KVn Deviations between the calculated energy 
Kcalc and the indicated energy KS. 

The distance L2 Repeatability b Extended uncertainty U 

Angle α of pendulum fall  Systematic error Bv The probability of random error 

Initial potential energy Kp 

Pendulum speed v 

The distance L1 

Total friction losses 

Absorption power error Ks 

Table 2 Table of absorption power error Ks 

Calibration date Table B: Absorption power error Ks 
Cal. List No. 

16.8.2012 
Scale value [J] 45 90 180 225 270 

Deviation [J] -1.8 -2.078 -1.78 -1.949 -1.337 
 

Uncertainty U [%] 0.5 0.6 0.6 0.8 0.6 

3.1.2013 
Identified KS [J] 44.9 88.7 133.1 222.7 315.9 

Calculated KCALC [J] 45.09 88.9 134.2 223.7 316.9 

001-13 Deviation [J] -0.19 -0.2 -1.1 -1 -1 

Extended uncertainty U [J] 0.88 1.6 1.8 1.9 1.7 

…
 

…
 

... ... …
 

…
 

…
 

14.12.2015 
Identified KS [J] 55 93 138 228 310 

Calculated KCALC [J] 55.2 92.6 138.2 228.4 312.6 

489-15 Deviation [J] -0.2 0.4 -0.2 -0.4 -2.6 

Extended uncertainty U [J] 1.7 1.7 1.6 1.4 1.1 

12.12.2016 
Identified KS [J] 55 93 138 228 310 

Calculated KCALC [J] 55.4 92.8 138.3 228.6 312.6 
595-16 Deviation [J] -0.4 0.2 -0.3 -0.6 -2.6 

Extended uncertainty U [J] 2 1.9 1.9 1.8 1.9 
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3. CALIBRATION DATA EVALUATION PROPOSAL 

Immediately after each calibration or during the calibration, the lab staff will record the values of the monitored 
variables into the prepared electronic form (Table 2). 

For easier orientation, are the calibration data tables designed to be as similar as possible to the tables in the 
calibration sheets. We assume that easy orientation will reduce the risk of wrong data recording. Based on 
these tables, it is possible to evaluate the calibration data. Validation of the hypothesis whether are the 
calibration data normally distributed is an important and necessary part of the analysis that will first be 
subjected to input and output variables (Figure 3) [6]. It is also important to identify outliers using a box and 
whisker plot (Figure 4). 

 

                    Figure 3 Normality test for Kv                                     Figure 4 Homogeneity test for Kv 

In the calibration process, we must consider not only a simple linear regression in which one independent 
variable X and one dependent response variable Y are defined. But we also have to take into consideration 
the multiple linear regression model with regression function: 

푌 = 훽 + 훽 푥 + 훽 푥 + ⋯ + 훽 푥 + 휀                                                                                                              (3) 

An important use of a regression model is the prediction of future observations. For the value predictions are 
used very complex formulas that depend on the regression model found [7]. Therefore, predictions using 
exponential time series smoothing will be used for these purposes. Theoretical prediction values 푌  and actually 
observed values 푌   are recorded in the line graph in the form of two separate lines (Figure 5). 

 

Figure 5 Prediction of absorption power error Ks values 
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4. MEASUREMENT SYSTEM STATISTICAL PROPERTIES EVALUATION 

The effects of measurement errors and the extent of their impact can be detected and quantified [8]. The basis 
of the measurement system represents the difference between the mean of the repeated measurements of 
the same quality characteristic and the reference value. According to the calibration method, bias can be 
evaluated from indirect evaluation, where 5 repeated measurement results are obtained (Table 3). Before the 
any statistical property evaluation, the exploratory data analysis should be performed. 

Table 3 Bias evaluation 

Calibration date: 19.1.2013 3.1.2014 19.12.2014 14.12.2015 12.12.2016 

Mean: 104.62 106.86 106.92 105.44 105.4 

Bias Bi: 2.72 4.96 5.02 3.54 3.5 

St. dev: 3.14 2.14 2.87 1.20 2.25 

Lower conf. limit: -1.184 2.290 1.451 2.049 0.692 

Upper conf. limit: 6.624 7.629 8.588 5.030 6.307 

Bias evaluation: Not significant Significant Significant Significant Significant 

The measurement system linearity study, which expresses the difference between the biases in the assumed 
operating range of the measurement system, proceeds in a similar way, as in the case of bias study [9]. In 
order to evaluate whether the linearity varies depending on the magnitude of the measured value, it is 
necessary to perform repeated measurements on several samples (standards) covering the assumed testing 
range. Evaluation of measurement system linearity should be carried out in the following steps: 

 Calculation of deviations from the reference value,  
 Calculation of the measurement system bias for individual samples,  
 Construction of a scatterplot of dependencies between deviation from mean and reference value,  
 Calculation of regression function,  
 Testing the statistical significance of the regression coefficient graphically and using confidence intervals 

(Figure 6). 

 

Figure 6 Measurement system linearity of absorption power error Ks 

If the confidence intervals contain zero, then it can be assumed that the linearity of the measurement system 
is not statistically significant.  
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Depending on the shape of the regression line and the Determination Index value, it can be argued that there 
is a significant dependence between deviations and reference values. With increasing reference value, the 
magnitude of deviations in negative values is increasing. 

5. CONCLUSION 

The measured data are an essential basis for important decisions, such as product quality control, processes 
regulation, assessing the effectiveness of corrective actions and implementing improvement activities [10]. It 
can be stated that the introduction of statistical methods for the evaluation of calibration data is suitable for 
Vítkovice Steel testing centre. However, their use requires the development of an internal document which will 
set out how the activities will be carried out, their timing, responsibilities and required knowledge of laboratory 
staff. Expert approach, correct use of the information obtained from the evaluation as well as a responsible 
approach to continuous improvement will bring the expected benefits and will be reflected mainly on the 
market. 
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Abstract   

Resistance spot welding of deep drawing steel DC06 is done and influence of welding parameters on spot 
weld quality is evaluated. Modern thermography methods are used to evaluate quality of the spot weld and its 
results are compared with standardly used methods. Thermographs taken directly after welding proved 
feasible to become NDT method as its results were in concordance with conventional quality control of spot 
welds (VT, UT, Fs, d). 

Keywords: Spot welding; RSW; thermography; HAZ; UT; DC06; quality; NDT 

1. INTRODUCTION   

Welding technologies are widely used in almost any industry and it can be stated that it is necessary when 
many strong and load bearing joints are needed in the structure, e.g. transportation industry. 

In welding of metals, there is permanent trial to automate and robotize the production. In Czech Republic, 
these trends are the best visible in automotive industry. For automation of car unitary body production the 
Resistance Spot Welding (RSW) proved the most efficient. The RSW method can compensate stamping 
imprecisions when welding several large stamped parts, producing lap welds. Modern welding jigs and welding 
power sources combined with long life RSW electrodes [1] are the factors that helped RSW to become the 
basic welding method of most car manufacturers [2]. 

For quality of the product, together with automation of production and productivity, new on-line methods of 
weld testing are looked for [3, 4, 5]. This research focuses on weld quality evaluation based on standard tests, 
modern thermography testing and their comparison. The aim is to demonstrate the applicability of 
thermography for quality evaluation (evaluation by using thermal fields). 

Thermography is modern and productive way to evaluate quality that can in the future become great technique 
for weld quality evaluation. Using thermography and special software, spot weld and HAZ properties can be 
observed and evaluated.  

2. BASE MATERIAL 

There are many requirements placed on materials used for car body-in-white production. Outer parts must 
have excellent surface quality, high formability, corrosion resistance, while inner body parts must have high 
strength, stiffness etc. Some of requirements may be even contradictory. 

Weldability of these materials also changes with surface treatments, coatings, and present processing oils. 
These may influence the welding process, create porosity and changes in welding process are needed. For 
the experiment widely used zinc coated deep drawing steel was used - DC06 (EN 10152) of thickness 0.7 mm. 
The material is in Škoda Auto a.s. used for roof and side panel stamping. Chemical composition is in Table 1, 
mechanical properties in Table 2 [2]. Spectral analyser Brucker Q4 Tasman was used to verify chemical 
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composition. Sheets have electrolytic Zn coating and are phosphated, average Zn layer thickness is 4.3 µm, 
verified by DeFelsko Positector 6000 in accordance with EN ISO 2808. Also metallography has shown same 
Zn layer thickness. 

Table 1 Chemical composition of DC06 steel  

Element C P S Mn Ti Fe 

wt. % 0.02 0.02 0.02 0.25 0.3 rest 

Table 2 Base metal mechanical properties - DC06 

Yield strength Re [MPa] Tensile strength Rm [MPa] Ductility A80 [%] 

max. 180 270-350 41 

3. EXPERIMENT 

Sheet metal samples of size 45 x 175 mm were welded by welding machine Dalex PMS 11-4. Welding 
parameters were selected in accordance with EN ISO 14373 [6], welding current in range from 6 to 8 kA, 
welding time 160 - 200 ms and force 1.9 - 2.1 kN. Parameters were selected in wide range so that the good 
and bad welds were created to enable evaluation use of thermography for weld quality testing. Thermographic 
(thermal image) camera FLIR A615 was used to observe the weld from distance 60 mm at an angle 45°. Sheet 
emissivity was set using thermocouple measurement, thermocouple K was connected to device Ahlborn 
Almemo 5690.  

Table 3 Welded samples and their welding parameters  

Sample 
set Current [kA] Time [ms] 

Electrode 
force [kN] 

Sample 
set Current [kA] Time [ms] 

Electrode 
force [kN] 

1 6 160 1.9 15 7 180 2.1 

2 6 160 2 16 7 200 1.9 

3 6 160 2.1 17 7 200 2 

4 6 180 1.9 18 7 200 2.1 

5 6 180 2 19 8 160 1.9 

6 6 180 2.1 20 8 160 2 

7 6 200 1.9 21 8 160 2.1 

8 6 200 2 22 8 180 1.9 

9 6 200 2.1 23 8 180 2 

10 7 160 1.9 24 8 180 2.1 

11 7 160 2 25 8 200 1.9 

12 7 160 2.1 26 8 200 2 

13 7 180 1.9 27 8 200 2.1 

14 7 180 2     

Results from thermography evaluation were compared with standard methods of spot evaluation, destructive 
and non-destructive. NDT methods included visual testing (VT) and ultrasonic testing (UT). UT was done using 
Olympus Epoch with special equipment for RSW spot welds, used frequency 20 MHz, probe diameter 4 mm. 
Destructive analysis was done using metallography and tensile shear test (according to ISO 14273). 
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4. RESULTS 

Altogether 27 sample tests were welded (each set with 5 pieces) with welding parameters as in Table 3. Spot 
weld quality was first evaluated by visual test VT in accordance with EN ISO 14373. This norm demands to 
check the following: Weld diameter should be symmetrical with size between 3.5√푡 - 5√푡 (t - sheet metal 
thickness). Weld diameter is normally 1.15x larger than nugget diameter. Electrode penetration, indentation 
must be shallow, without sharp corners, depth must not exceed 20 % of sheet thickness. Weld joints height 
should reach 20 - 80 % of both sheet metal thickness. Weld dimensions were evaluated by metallography and 
tensile shear test EN ISO 14329 - see Table 4.  

Table 4 Evaluation of weld quality by VT, UT (sample sets) 

Sample 1 2 3 4 5 6 7 8 9 

VT, UT Na,Ab,Ac N, A, A N, A, A N, A, N N, A, A N, A, A N, A, N A, A, A A, A, A 

Sample 10 11 12 13 14 15 16 17 18 

VT, UT A, AC, A A, N, A N, N, A N, N, A A, A, A A, N, A A,NC,A A, N, A N, N, A 

Sample 19 20 21 22 23 24 25 26 27 

VT, UT N, N, A N, N, N N, N, N N, N, A A, N, A A, N, A A, N, A A, N, A A, N, A 

Explanation: VT = visual test, UT = ultrasonic test  

        a) Weld diameter: (A - acceptable, N - non acceptable),  

                     b) Electrode indentation: (A - acceptable, N - non acceptable, C - Cu presence on surface) 

                     c) Inner defects: (A - acceptable, without defects, N - non acceptable, defects present)   

Next, UT was done. Ultrasonic testing is very sensitive NDT method for evaluation of inner defects, also usable 
for thickness measurement of final weld thickness. 

Table 5 Selected thermographs and UT echograms for typical welds as in Figure 1 

 

A B 

  
 

C D 
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In Table 5A is shown echogram of unacceptable weld. It can be recognized by presence of small echoes that 
represent inner defects. The weld thickness as measured is 1.27 mm and is acceptable. In Table 5B we can 
see acceptable weld, with continually decreasing echo intensity. The high number of echoes can possibly 
signalize insufficient spot creation (absence of fusion at the boundary of sheet metals) but metallography 
proved high weld quality. Thickness is 1.33 mm, penetration is low but sufficient. Table 5C shows acceptable 
weld, small number of echoes was caused by presence of copper on the surface, copper absorbs the acoustic 
energy. Thickness is 1.24 mm, acceptable. Table 5D shows unacceptable weld, the penetration is too high 
and thickness after welding is only 0.92 mm. 

It Figure 1 typical weld macrographs are shown. Example shown at Figure 1A is showing low weld 
parameters, without enough heat input. The weld is too small and with inner defects present. Sample sets 1 
to 7 belong to this group.  

Increasing weld time or (and) current, spot weld creation is acceptable, as at Figure 1B. Quality of weld is 
acceptable, (for example sample 8). Further increase of heat input leads to proper spot size creation, yet 
copper electrode traces are present at the sheet metal surface, shown at 1C, (for example sample 10). Copper 
electrode partial melting leads to high electrode wear and possibility of inner defects. Too high parameters, as 
at Figure 1D, lead to too large spot, too high indentation, failure of EN ISO 14373 requirement. Too high heat 
input was found for samples 18 - 22. In accordance with macrographs were the data of tensile shear test and 
weld spot diameter measurement as in Table 6. 

      

       A - Unacceptable weld - small size, inner defect                     B - Acceptable weld  

     
        C -  Size of weld acceptable, traces of Cu                    D - Unacceptable electrode indetation 

Figure 1 Typical spot weld macrographs, defects 

Table 6 Tensile shear force Fs and weld nugget diameter 

Sample A B C D 

Tensile shear force Fs [N] 3236 3373 3206 3763 

Weld nugget diameter d [mm] 4.9 5.5 5.1 6.2 

In Figure 2 microstructure of one selected weld is shown. Weld metal (WM) (Figure 2-1) has grains oriented 
in direction of temperature gradient during solidification. In HAZ grain coarsening occurred (size up to 200 um) 
(Figure 2-2). Base material (BM) is shown in Figure 2-3. For all welds microstructure has similar features, 
though size depends on welding parameters. 
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Figure 2 Typical weld microstructure (1 = WM, 2 = HAZ - grain coarsening, 3 = base material) 

5. DISCUSSION 

All weld thermograms were captured 1 s after electrodes retraction from weld spot, already during weld cooling 
time. In Table 5 we can see thermographs and UT echograms for welds as in Figure 1. Thermograms were 
further data processed as in Figure 3. 

Acceptable welds were created with parameters: 6 - 7 kA, 160 - 200 ms, 1.9 - 2.1 kN. For other sheet metal 
thicknesses, machine type, electrode size and impedance the parameters would differ. 

Thermography did prove as promising non-destructive testing method, because it can measure and diagnose 
heat input and based on that estimate the weld quality. Maximum temperature after retraction of electrodes 
from sheet metal was 75 °C. Z For creation of acceptable welds on sheet metal DC06 of thickness 0.7 mm the 
measured temperature should be 40 - 50 °C for 50 % area and over 60 °C there should not be over 25 - 30 %. 
For such thermograms, the weld quality as controlled by standard evaluation methods would be acceptable.  

6. CONCLUSION 

Resistance spot welding is often used in serial production in fully automated lines. With this in mind, it is 
important to find out 100 % online non-destructive quality control. The article data proved that thermography 
data as measured directly after the weld creation can be used for such quality control. Thermography can 
provide quality test results in concordance with conventional quality control of spot welds (VT, UT, Fs, d). 

1 

2 3 
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Figure 3 Temperature field as 2D map and temperature histogram for the Figure 1D case 
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Abstract   

In the automotive industry, sheets are coated for protection against corrosion and oxidation during forming. 
This coating may deteriorate the weldability of steel sheets and shorten the life of welding electrodes. Currently, 
new tips of coatings are used, e.g. coatings based on Al-Si or NIT (New Inorganic Treatment). The contribution 
deals with the influence of the NIT layer on weldability and electrode lifetime. Electrode life tests were 
performed according to EN ISO 8166. Steels HX180BD coated HDG (Hot Dip Galvanized) and coated steel 
HDG + NIT was used as the base material. The results showed that the NIT layer does not particularly affect 
the service life of the electrodes. On the other hand, when welding HDG + NIT coated sheets, a longer service 
life (about 600 weld points) was achieved than welding of HDG-coated sheets. 

Keywords: Resistance spot welding, HX180BD Z100 MCO, Zn coating, NIT layer, lifetime 

1. INTRODUCTION   

The most advantageous welding technology for steel sheets is resistance spot welding. There is a problem in 
the serial production of the bodywork with a smaller dimensional accuracy of the welded parts. Resistance 
spot welding allows compensate these inaccuracies. The solution is in welding devices and mid-frequency 
welding sources combined with a long life of the electrodes. 

In the automotive industry, steel sheets (both high-strength and deep-drawing) are coated. Coatings improve 
the ductile properties (Zn-based coatings for cold-formed materials), protect steel sheets against oxidation 
during the forming process (Al-Si coatings for thermo-mechanically processed materials) and against 
corrosion. This increases the service life of the bodywork. But the surface treatments lead to complications in 
welding [1]. The development of coating properties is ongoing as well as the optimization of the welding 
process.  

Decreasing the weight of the bodywork and increasing its stiffness leads to the use of high-strength steels. 
These steels have a high carbon content, often up to the very limit of weldability [2]. The problem of resistance 
spot welding is that materials with 0.2% carbon content may become hardened. [3] Alloying with aluminum will 
lead to consequent hardening of the material. To achieve the required joint quality, it is a trend to use welding 
parameters from hard welding mode [2]. 

Welding of sheets with zinc coating has a number of difficulties. The zinc in the coating diffuses into the working 
surface of the spot electrodes (material CuCrZr). The brass is formed. During the welding, continuously 
increase the content of zinc on the electrode surface. The resistance between the welded sheet and the 
electrode also increases. This reduces the welding current at the welding point. The welding quality is rapidly 
decreasing. The contact surfaces of the electrodes are deformed in the post-heating (Figure 1). The current 
density drops. There is a big problem with the diameter of the welding electrode. It is necessary to maintain 
the same diameter electrodes, which is gradually deformed [4]. Unless modified electrode, diameter may cause 
insufficient weld penetration (connected to the insufficient size of the weld lens), even when the dimension of 
the welding lens is satisfactory. The solution can be a gradual increase of the welding current (up to 30%), 
however at the expense of electrode service life [2].  
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Figure 1 New electrode cap - left, worn electrode cap - right [2] 

Another parameter influencing the welding quality and thus the life of the electrodes is the transition resistance. 
The size of the transition resistance affects the size of the welding force. The greater the welding force, the 
lower the transition resistance [3]. Further, the transition resistance is influenced by the conductivity of the 
joined metals, the roughness of the surface and its dirt.  

2. MATERIALS  

HX180BD steel sheet was used as the base material. The thickness of the sheet is 0.8 mm. The chemical 
composition is in Table 1. The mechanical properties are in Table 2. It is a material for cold forming with a 
minimum contract yield strength of Rp0.2 = 180 MPa, bake-hardening steel (requires an increase in the yield 
strength after heating over 170 ° C for 20 minutes), hot-dip zinc coated.  

Table 1 The chemical composition of the base material HX180BD 

Fe C Si Mn P S Al Nb Ti 

99.7 0.003 0.04 0.17 0.008 0.006 0.032 0.007 0.0007 

Table 2 Limit of tensile strength of base material HX180BD 

Rm [MPa] 
HDG coated sheet 308   

HDG + NIT coated sheet 324 

Two types of surface treatment were used. HDG (Hot Dip Galvanized) and HDG + NIT (New Inorganic 
Treatment) (Figure 2). Chemical composition is in Table 3. Chemical composition of NIT coating is a hydrated 
salt formed by zinc (in the form of an oxide or hydroxide) in a sulphate compound - ZnSO4. It is a thin layer on 
the zinc coating. NIT improves ductility (lower coefficient of friction), decreases the amount of oil during the 
forming (reduced sensitivity to used oil type) and decreases pollution of forming tools. [5]  

Table 3 Average chemical composition of coatings [2] 

 Zn Fe P Si S 

HDG 72.95 23.16 1.21 0.24 0.05 

HDG + NIT 85.15 10.58 1.44 0.15 0.05 

Used electrode caps were type 39D  1978-1 from material A2/2 - CuCr1Zr with Ø16 mm. Chemical compound 
is Cu = 98.98 %, Cr = 0.9 %, Zr = 0.12 %.  
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Figure 2 Coating HDG + NIT - optical microscope (right), electron microscope (left) 

 

Figure 3 Detail of chemical composition of HDG + NIT coating and transition to base material 

3. EXPERIMENT 

The thickness of the coating on the optical microscope was measured. The results were verified on an electron 
microscope. The average thickness of the HDG coating is 10 μm; the HDG + NIT coating thickness is 12 μm. 

A Tescan Mira 3 GMU scanning electron microscope was used for chemical analysis also. The results are 
shown in Table 1, Table 3 and Figure 3. Figure 3 shows an increased sulphur content in the coating. 

The mechanical properties were measured on the LabTest 5.100SP1 (vertical design, speed control accuracy 
± 0.5%, rated load 10 kN). The results are shown in Table 2. The strength limit for sheet with NIT is slightly 
increased compared to sheets without NIT (difference is about 5 %). 

Tests of welding electrode service life have been performed. Two types of coatings were compared on the 
same base material. The methodology for the evaluation of electrode life is given in EN ISO 8166. The welds 
must be placed at least 10 mm from the edge of the sheet and the distance between the welds must be at 
least 30 mm. The dimensions of the test sheets must be chosen so that at least 192 welds are placed on the 
plate, for example at least 12 rows of 16 welds. The test sheet must be at least 470 mm long and at least 350 
mm wide. The life of the electrodes is the number of acceptable spot welds that can be made between the 
need for electrode modification. The electrode reaches its service life when weld joints have a diameter of less 
than 3.5 푡 in three of the five consecutive welds (the diameter is determined by peeling test, t is the thickness 
of the sheet) [6]. Sheet thickness was 0.8 mm, so weld diameter should not be less than 3.13 mm. Electrode 
diameter should correspond to the formula: 푑 = 5√푡. The working diameter of the electrodes was 5 mm.  
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The resistance press Dalex PMS 11-4 was used to test the life of the electrodes. The welding parameters were 
as follows: welding time = 240 ms, welding current = 7 kA, electrode force = 2.4 kN, one pulse. First, 8 test 
samples (zero group) were welded for peeling test according to EN ISO 10447. By a digital sliding scale, the 
maximum and minimum diameter of each point weld (푑1 and 푑2) were measured and the actual weld diameter 
푑 = (푑1+푑2)/2 was calculate. [7] Subsequently, the calculated median arithmetic mean. 

The working diameter of the welding electrode (or replaceable caps) was monitored during the lifetime test. 
After each group of welds, another 8 test samples were welded for peeling test. Subsequently, the working 
surface of the upper and lower welding caps was measured.  

4. DISCUSSION 

The electrodes have reached their lifetime in the case of HDG coated sheets after 2005 spot welds, in the 
case of HDG + NIT coating after 2608 point welds. The diameter of the weld lens decreased with the increasing 
working diameter of the electrode (Figure 4).  

 

Figure 4 Arithmetical mean diameter of the weld lens 

Figure 4 shows, that welding caps with HDG + NIT coating have reached longer life. At the beginning of the 
welding, the diameter of the weld lens was 6.5 mm for both sheets (the diameter of the welding cap was 5 
mm). With the increasing number of welds the diameter decreased to a value of 3 mm. The reason was the 
zinc sticking on the welding caps. There it prevents the passage of electric current.  

   

Figure 5 Zinc on work surface of welding electrode (left - upper cap, right - lower cap) 

New electrode 
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In Figure 5 is the upper and lower weld cap at the end of service life (over 2608 welds) used for welding of 
sheets coated HDG + NIT. The lower weld cap (from the right) has a hollow, while the upper one is a salience. 
The reason is the stroke of the upper electrode. The lower electrode is immobile.  

The dependence of the diameter of the working area of the electrode on the sample group is in Figures 6 and 
7. The graphs are not very different. In both cases, the diameter of the working area of the electrode increased 
by 1.5-2 mm after the welding of the first group of samples (208 welds) - see Figures 6 and 7. For the other 
two measurements, the diameter of the electrode increased by approximately 0.5 mm. For the remaining 
measurements, the increase was measured by about 0.15 mm. The enlargement of the work surfaces of the 
electrodes has slowed down. The graphs trend is very similar. The fundamental difference is only in the 
reached service life of the electrodes.  

 

Figure 6 Changing the diameter of working area of welding caps used for welding HDG coated sheets  

 

Figure 7 Changing the diameter of working area of welding caps used for welding HDG + NIT coated sheets 
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5. CONCLUSION 

In the automotive industry, the properties of coated steel sheets are constantly evolving and improving. Just 
like welding parameters. The goal is a high-quality welding joint in terms of strength requirements and corrosion 
protection of the bodywork. 

The appearance of welding lenses and their dimensions are dependent on the thickness of the sheets, used 
materials and the applied surface treatments. 

The zinc coating negatively affects the welding process. Zinc adhering to the working surface of the electrode 
prevents the passage of the current through the welded sheets. With the increasing number of welds, the 
thickness of the zinc layer on the electrode increases. At the same time, the quality of welds decreases. 
Unfortunately, the zinc coating is irreplaceable surface treatment. Therefore, it will continue to be used in the 
automotive industry despite the negative impact of zinc on the welding process. The solution is milling of 
welding electrodes in working intervals. 

It was assumed that the NIT layer would degrade the service life of the electrodes more than the HDG coating 
itself. This assumption has not been confirmed. Lifetime tests (in accordance with standard EN ISO 8166) 
have shown that the NIT surface layer does not impair the service life of the welding electrodes. In contrast, 
the electrodes used to weld HDG + NIT coated sheets have reached a longer service life (2608 spot welds) 
than the electrodes used for HDG-coated only (2005 spot welds). 

It can be stated that 1000 - 1200 spot welds can be made without a joint with a weld lens value of less than 4 
mm (condition with reserve: weld not less than 3.13 mm).  
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Abstract  

The crucial role in the case of any FEM simulation play input data. There is significantly increasing demand on 
material data measurement for FEM simulation and on their accuracy. The paper deals with the simulation of 
heterogeneous weld bending determination with the use of local mechanical properties measurements using 
micro tensile samples. Newly developed Micro-Tensile test technique (M-TT) is employed here. M-TT 
specimen dimensions are: thickness of 0.5 mm, width of 1.5 mm and parallel length of 3 mm. ARAMIS system 
using Digital Image Correlation method (DIC) enables precise strain measurement in the course of M-TT. 

In the current paper, comparison of heterogeneous weld simulation using “standard material data” such as 
base metal and weld metal with local material properties determined with the use of M-TT measured from the 
first base metal, across heat affected zone, weld to the other heat affected zone and second base metal. The 
simulation is compared to experimental bending of heterogeneous weld. In order to be able to perform a 
detailed comparison of the results obtained by the experiment and simulation, next to standard load 
displacement measurement in the course of tests, also local strain measurements were carried out using digital 
image correlation systems. A final comparison confirmed significantly better agreement of the simulation using 
local data measurements in both investigated fields, load-displacement record and the local strain distribution 
in the course of bending. 

Keywords: Tensile test, Micro-Tensile Test, FEM simulation, digital image correlation (DIC), steel weld 

1. INTRODUCTION 

Development of FEM codes together with increasing computer performance allows more and more detailed 
analyses nowadays. Next to the use of appropriate codes for considered cases, accurate material behavior 
description becomes crucial in order to simulate real component, structure behavior or technological process 
[1]. Most of technical parts are hardly to be considered as continuum with uniform properties over whole body 
component in all directions. Moreover, there are often present many welds in real structures and the FEM 
simulations should take into account also local material properties that have to be determined with appropriate 
methods. The inputs for FEM simulations of mechanical loadings calculations are stress-strain curves at 
appropriate loading rates and temperatures. 

There is available hardness measurement for a long time for local properties measurement [2]. However, the 
resulting values of standard hardness methods do not provide sufficient information. Thus instrumented 
methods of hardness are being developed [3], but even this method does not provide all required information 
and thus alternative methods for local properties measurements are being developed such as Small Punch 
Test (SPT) [4] or presented Micro-Tensile Test (M-TT). SPT is widely used, but its application is traditionally 
bound with necessity of known correlation parameters valid for a specific material only and thus it is impossible 
to use it on a blind material [5]. Recently, there are assumptions to used trained neural networks for SPT 
evaluation [6], but again neural networks can be trained for some material group, but they are not generally 
valid. Thus, attempt was made to establish method using similar material volume for the experimental sample 
as in the case of SPT while avoiding of correlations or some inverse FEM simulations in order to obtain 
searched stress strain curves. Standard method for stress strain curves determination is tensile test and thus 
M-TT method was developed [7-9], that is free of any correlation or recalculation and standard evaluation 
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formulas can be applied. M-TT performance is shown here in comparison to standard tensile test results and 
subsequently it is applied to evaluation of mechanical properties change across heterogeneous weld and 
stress-strain curves are obtained for different strain rates. Application of M-TT results to FEM simulation is 
demonstrated on three point bending of welded beam. FEM simulation is performed with the use of base 
metals and weld metal material properties as well as with local properties measured by M-TT. Results of both 
simulations are compared and significantly better agreement with real experiment of FEM simulation using 
local properties is shown. 

2. EXPERIMENTAL MATERIAL 

The investigated material was experimental heterogeneous weld consisting of two chromium-molybdenum 
heat-resistant steels and weld metal. This type of weld is widely used in the oil and gas industries and in fossil 
fuel and nuclear power plants. Weld macro is depicted in Figure 1. The investigation is performed across all 
weld zones: Basic material 1 (BM-1), Heat effected zone 1 (HAZ 1), Weld metal (WM), Heat effected zone 2 
(HAZ 2) and Basic material 2 (BM-2). 

 

Figure 1 Macro of the investigated heterogeneous weld 

3. HARDNESS AND MICRO-TENSILE TESTS 

A standard Vickers hardness testing method was used to measure the hardness distribution in perpendicular 
direction to the weld line. The measurement was performed with the use of automatic hardness tester 
Durascan at room temperature. The applied load was 9.81N. There was a 1 mm distance between each 
sampling location. 

At the same locations where hardness tests were performed, samples for M-TT were extracted. The M-TT 
method was firstly verified by comparison with standard tensile tests for the BM1 and BM2, where it was 
possible to machine standard size samples. The strain measurement for M-TT was carried out with the use of 
digital image correlation (DIC) system ARAMIS. The principle of the DIC method has been known since 1970s 
[9]. The system tracks the grey value patterns in images recorded during the test. Images are compared to 
each other to detect the displacement of a selected point [10]. As a single point is too difficult to find, an area 
of several points, in ARAMIS called facets, is tracked instead. Each facet has a unique distribution of grey 
levels (i.e. light and dark pixels of varied light intensity). Based on assumption that grey level of each facet 
does not change during the test, individual facets are located in reference images and all following images. 
Strains and other quantities can be calculated from changed position of tracked facet displacements Example 
of the specimen geometry for M-TT tests is shown in the Figure 2a and the testing set up with ARAMIS system 
is shown in the Figure 2b. An example of the strain measurement in the course of the tests is depicted in 
Figure 3. 
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a)  b)  

Figure 2 a) M-TT specimen geometry, b) Testing set up for M-TT tests with ARAMIS system 

 
Figure 3 Example of strain measurement at different stages of tensile test for M-TT 

Stress-strain curves obtained from the M-TT were compared with those ones obtained from the standard 
tensile tests. Records from both tensile test modifications are almost identical up to the tensile strength, as 
can be seen in Figure 4. The evaluated material properties are summarized in Table 1. The difference between 
standard tensile tests and M-TT is within 5%. 

 

Figure 4 Comparison of standard tensile test records with M-TT records 
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Table 1 Summarized properties od evaluated material 

Specimen Tensile test 

Tensile tests results 

Rp0,2 Rm Ag A Z 

[MPa] [MPa] [%] [%] [%] 

BM-1 
Standard 622.1 762.3 8.0 20.7 63.9 

M-TT 592.3 762.9 7.0 21.7 62.8 

BM-2 
Standard 623.1 756.5 6.4 19.2 64.3 

M-TT 594.7 758.6 5.6 18.3 66.3 

Subsequently, the M-TTs for mechanical properties change assessment across the weld were performed 
perpendicularly to the weld line at room temperature under quasi-static loading conditions. Resulting 
mechanical properties variation across the investigated weld is shown in Figure 5. 

 
Figure 5 Mechanical properties assessment across the heterogeneous weld 

4. FEM SIMULATION OF WELD BENDING 

Demonstration of the advantage of local properties measurement for accurate simulation is done with the use 
of comparison of the experiment and FEM simulation of the experiment. Experiment is carried out on 
rectangular bar made of the same weld joint as investigated in the previous parts. The bar is of width 20 mm 
and height of 10 mm with length of 200 mm with weld in the middle part. 

 
Figure 6 FEM model with local properties simulation 
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FEM simulation of the heterogeneous weld joint bending was carried out using two sets of material data: global 
material properties and local material properties. In the case of global material properties consideration, 
mechanical properties of the base metal 1 and 2 and weld metal were used. In the case of local properties 
utilization, region of heat affected zones and weld metal were divided into region of width of 1 mm and for each 
of this segment local mechanical properties obtained from M-TT tests were assigned. Model for this calculation 
is shown in Figure 7. The results of simulation for both approaches are compared with the experimental results, 
Figures 8, 9. Comparison of the three point bend sample response to load for both simulated case and 
experimental measurements are compared in Figure 10. Excellent agreement is found between simulation 
with local properties consideration and experimental measurements.  

 
Figure 7 Strains calculation based on global material properties 

 
Figure 8 Strains calculation based on local material properties obtained with the M-TT 

 
Figure 9 Experimentally measured strains 
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Figure 10 Comparison of records obtained during experimental measurement and simulation using local 

data from the M-TT and simulation using global material properties 

5. CONCLUSION 

The paper is dealing with the FEM simulation of heterogeneous weld bending with the use of local mechanical 
properties measurements by micro tensile tests method (M-TT). Local properties of weld were measured in 
more than 40 regions across base metals, heat affected zones and weld metal. Strain rate sensitivity of the 
materials investigated was also evaluated with the use of M-TT for several regions. These data were 
subsequently used as an input data for FEM simulation of three point bed test of veld joint. 

Two simulations were performed. The first one, using “standard” approach based on global material properties 
for each of the base metals, and weld. The second simulation was using local properties measured by M-TT 
across whole weld joint. The results of both simulations were subsequently compared with the results obtained 
from the experimental tests. Simulation using local material properties exhibited significantly better agreement 
with the experimental results than in the case of the use of global material properties. Thus local properties 
are essential for an accurate FEM simulation results for any kind of heterogeneous materials investigation. 
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Abstract 

The article describes the state of the art computer simulation in the field of metal forming processes the main 
problem points of traditional methods were identified. The method, that allows predict the deformation 
distribution in the volume of deformable metal with taking into account of microstructure behavioral 
characteristics in deformation load conditions, was described. The article compares the results of modelling 
the TRIP effect and overlooking it. The comparison shows that martensite, which forms in the microstructure, 
causes a significant rise of equivalent stresses across the entire representative volume, which is extremely 
critical in the drawing process engineering. The method applied also gave a better understanding of how the 
microstructural elements interact in TRIP steel under strain, which helped explain more intense (2 or 3 times 
as high compared with the average values) radial strains in the plastic phases close to bigger grain clusters of 
stronger bainite and martensite phases. To save computing time, statistical representation of the 
microstructure was applied. Statistically Similar Representative Volume Element (SSRVE), representing meta-
stable steel microstructure, was developed. Applying the SSRVE concept dramatically decreased the 
calculation time of the model while maintaining the overall accuracy. The study helped obtain initial data that 
can be used to design the drawing processes for TRIP steels. This will enable advanced and technically flexible 
materials to be used in the conventional drawing process, thus expanding the range of applicable steels. 

Keywords: Multiscale modeling, drawing, Statistical Representative Volume Element, microstructure, stress- 
        strain state 

1. INTRODUCTION 

Contemporary machine industry sets high requirements for mechanical and operational properties of machine 
and line parts. Units of mechanisms and machines should be not only sufficiently reliable, but also capable of 
being adapted to potentially unfavorable operating environment. Key manufacturing processes of workpieces 
for parts and elements of facilities are metal forming methods. New properties and operational characteristics 
of workpieces can be achieved either by expanding a range of materials used in metal forming, or developing 
new operating conditions or methods of metal forming [1-2]. In both cases, there is a need for modern 
engineering methods of design, ensuring an extreme high reliability of predicted results of the process under 
study. In terms of the required resources, the least consuming method of a manufacturing process design is 
computer simulation with commercial software, providing engineers with a wide range of opportunities for 
analysis and optimization. In general, it allows for a significant decrease in expenses for testing results of 
studied operating schedules and technologies. The majority of computer models in today research on metal 
forming processes does not factor into features of the processed steel structure. As a rule, operating conditions 
are designed from the position of an isotropic material. However, it is known that a main indicator of 
technological transformations in processed steel is its microstructure. Aggregate steel microstructure 
parameters reflect results of deformation, thermal and combined influence to the fullest extent possible [3, 4]. 
Contemporary metallurgical technologies intensively use materials with complicated metastable 
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microstructure: for example, TRIP (Transformation-Induced Plasticity) and TWIP (Twinning-Induced Plasticity) 
steels [5, 6]. Dynamic structure and phase transformations, which are resulted from strains in these steels, 
provide engineers with a higher degree of freedom in selecting a design, optimization of the weight and a 
general manufacturing process. Therefore, simulation of the forming process of these steel grades, without 
factoring into a behavior of their microstructure under a loading condition, is not feasible. In view of the above 
reason, computer simulation methods should be developed to represent a microstructure of processed steel 
and a stress-strain state at its micro-level. At the same time, such transfer to the micro-level in computer 
models entails an inevitable reduction of the FE mesh size and, consequently, growth of the elements number, 
which required large calculation resources and time. So, contemporary simulation methods are not always 
technically available and prompt. 

Thus, improvement of computer simulation approaches, factoring into the behavior of the steel microstructure 
in the research of metal forming processes, is a current trend in the engineering analysis. The applied methods 
should be optimized in terms of computing time and required computing resources. One of basic metal forming 
processes to produce long steel products used as semi-finished workpieces is rod drawing. During this process 
hot rolled round rod with 7 - 60 mm in diameter are subjected to a single-pass drawing through a solid die with 
reductions of 5 - 15 %, as a rule. This process is widely used to produce intermediate workpieces for rod parts 
(shafts, axis) in machine building, instrument engineering, agricultural machinery industry. In terms of the 
manufacturing process, drawing provides for wide opportunities to control parameters of steel rod.  

2. SIMULATION 

To assess a manufacturing potential of the process, a single-pass rod drawing, having an initial diameter of 
38 mm was selected. This diameter is widely used in all fields of the machine industry. To study how reduction 
influences steel properties, a final diameter was varied from 37 mm to 35 mm. The die angle was varied within 
18-12. Drawing speed was 100 mm / sec. As an initial material, we selected TRIP 700.  

 
Figure 1 TRIP 700 microstructure 

A standards solver of software package Abaqus 6.14-1 was used for the calculations. The model was 
axisymmetric. The rheological model was elastoplastic. The friction was described by the Amontons-Coulomb 
Law with friction coefficient of 0.05. The macro model mesh included 26,000 elements. Elements type was 
CAX4R (Standard Element Library): a 4-node bilinear axisymmetric quadrilateral, reduced integration, 
hourglass control. Drawing tool had type “Discrete rigid”. The front end of the workpiece was moving with a 
speed 100 mm / sec. To perform the micro simulation, an image of the TRIP 700 microstructure (Figure 1) 
was used. An initial microstructure of the steel under study had the following composition: retained austenite 
(~22 %), ferrite (~66 %) and bainite (~12 %). 
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A binarized image of the microstructure was covered with a FE mesh with triangle elements of CAX3 type  
(a 3-node linear axisymmetric triangle) from the Abaqus standard library. The rheological model was 
elastoplastic. A plastic stress/strain relation for structural elements was presented with curves given the article 
[7]. 

To simulate the TRIP-effect, the following experimentally found mathematical relation [8, 9] was selected: 

     (1) 

where - initial volume of retained austenite in the TRIP steel microstructure, - strain rate, - strain 
degree. SSRVE concept has been used to create a representative volume, which requires less computational 
resources. The idea of the SSRVE proposed by Schroeder et al. [10] was used. The basic idea is to replace 
large representative volume (RVE) by statistically equivalent element (SSRVE) with similar morphology and 
stress-strain behavior under loading condition. This idea has already been successfully applied in the tests on 
the reconstruction of the DP-steels microstructure [10], but there are no works published on the application of 
this concept to conditions of real industrial processes. 

The process of SSRVE creation consists of the steps presented in Figure 2 [16]. 

 
Figure 2 SSRVE creation scheme 

The method is based on multi-criteria optimization objective function. It is given by the equation composed of 
three internal elements responsible for identification of shape coefficients, statistical measures and rheological 
behaviour: 

         (2) 

            (3) 

           (4) 

           (5) 

Where: equation (3) is a comparison of i-th shape coefficient, equation (4) is a comparison of statistical 
measures and equation (5) is a comparison of stresses obtained for three different deformations of referential 
microstructure and SSRVE, i.e. compression, tension and pure shear, wi are parameters weights, k - number 
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of shape coefficients, l - number of statistical measures, s - number of rheological curves, p - number of 
iterations in numerical simulations. Such approach allows comparison of not only individual numbers but also 
the whole rheological curves identified for microstructure and SSRVE. 

3. RESULTS 

Figure 3 presents distribution of the equivalent stresses in central layers of steel in the deformation zone.  

 
Figure 3 Distribution of equivalent stresses in a central layer of steel in the simulation model  

with the TRIP-effect and without it 

Transformation of relatively plastic retained austenite in harder martensite entails local high values of 
equivalent stresses. As newly formed martensite is the hardest structural component in a total microstructure 
of TRIP steel, its aggregates stop their deformation. Values of radial strains and depth of their penetration in 
steel in a deformation area mainly influence the distribution of mechanical properties in finished products. It is 
especially important for studied TRIP steels, where mechanical properties change faster than in steels without 
metastable microstructural components due to the TRIP-effect. Radial strains (Figure 4) were analyzed in 
central and surface layers of steel in the center of the deformation zone.  

 
Figure 4 Distribution of radial strains on the surface and in the center of the deformation zone 
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Figure 5 Evolution of Statistically Similar Representative Volume Element during optimization 

Localized near-zero strains are due to high strength of bainite and nucleation of martensite. More plastic 
phases (ferrite and retained austenite) subjected to compressive radial strains within a range of -0.03 to -0.15 
(in the center) and -0.07 to -0.22 (on the surface). It is noted that the highest values of compressive radial 
strains of plastic phases are localized in areas where harder microstructural components are highly 
aggregated; it means that some microstrains in steel are due to deformation interactions of microstructural 
elements. Evolution of Statistically Similar Representative Volume Element, which was obtained during the 
optimization, is presented in Figure 5. The size of this element was 0.02x0.02mm. The error during the 
optimization was decreased below 2.5 %. Behavior comparison of the SSRVE and the RVE in conditions of 
drawing process simulation is presented in Figure 6. Analysis of the radial stresses in the central layers of the 
rod enabled to conclude that SSRVE calculations gave similar character of the stress-strain state distribution 
with the minimum error in absolute values. The calculation time was decreased more than 16 times comparing 
to the RVE simulation. 

 

Figure 6 Comparison of RVE and SSRVE: comparison of stress/strain curves and calculation time 

Figure 7 Influence of the die angle on the volume of 
martensite in the rod microstructure 

Figure 8 Influence of the reduction on the volume 
of martensite in the rod microstructure  
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4. DISCUSSION AND ANALYSIS 

Interactions of microstructural elements should be accounted for when designing manufacturing processes of 
steel rods, consisting of plastic deformation and subsequent heat treatment in the form of recrystallization 
annealing, as a rule. In that case, it is necessary to avoid so-called “critical” strains when setting drawing 
schedules for steels rods. When the so-called “critical” strains are achieved, recrystallization does not follow a 
mechanism of forming new grains and their growth. In consequence, heating entails a rapid growth of initial 
non-recrystallized grains due to absorption of neighboring ones. Therefore, initial recrystallization occurs to a 
limited extent, and grains show almost no growth in secondary recrystallization. At critical strains it is detected 
that there are non-equally deformed neighboring grains and no conditions for centers of initial recrystallization 
in some volumes of steel. All this entails aggregation of lightly deformed grains by means of other grains, and 
deterioration of steel mechanical properties later on. Heterogeneity also has a negative impact on the stability 
of downstream processing and quality of finished products. Finally, investigation on how geometrical die 
parameters had influenced transformations of martensite in central and surface layers of rod was performed 
and the results are shown in Figures 7 and 8. 

5. CONCLUSION 

Multiscale simulation of the stress-strain state showed not only prospects of the engineering tool, but also a 
need for factoring into the microstructure and its behavior under a loading condition, when designing even 
conventional process for modern materials. The proposed method of generation of multiscale models in case 
of research on drawing of TRIP steel rod allowed us: 

1) to prove how it was important to factor into the TRIP-effect in terms of the stress-strain state, as nuclei 
of high-strength martensite contributed to localized high values of Mises stresses. 

2) to reveal high compressive strains within ranges of -0.03 to -0.15 (in the center) and -0.07 to -0.22 (on 
the surface) in ferrite and retained austenite. 

3) to study deformation interactions of microstructural elements, which explained higher radial strains in 
plastic phases near a large aggregate of grains of harder phases of bainite and martensite.  

4) to decrease model calculation time by more than 16 times and make its generation automatic, while 
maintaining accuracy of a conventional multiscale model. Thus, the method provided for not just an 
increase in the prediction accuracy of process models and their calculation speed, but also an expansion 
of a range of materials used in a conventional rod drawing process with modern, technologically flexible 
TRIP steels. 
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Abstract 

This paper discusses the wear of the turning tool bit in face turning under lubricated friction conditions. The test 
results obtained after wet turning, i.e. turning in the presence of mineral oil-based cutting fluid, were compared 
with the data registered under dry friction conditions. The experiments were performed on a CTX 310 ECO CNC 
machine tool. The tool wear after face turning was analysed using an SX80 stereo zoom microscope. The 
workpiece surface texture was studied with a Talysurf CCI Lite non-contact 3D profiler. A JSM 7100F scanning 
electron microscope equipped with an EDS microanalysis system was employed to identify the elements on the 
surface of the tool tips. The tribological tests were carried out with a T-01 M tribometer for a ball-on-disc 
configuration in the sliding contact. The use of the cutting fluid resulted in lower wear of the tool, as concluded 
from smaller depths of the wear tracks. 

Keywords: Cutting fluid, turning, friction, wear 

1. INTRODUCTION 

Machining is a process that is crucial to the manufacturing sector [1, 2]. During machining operations, energy 
is used to produce deformation of the workpiece material and friction between the tool and the chip [3]. Friction 
then generates heat, which is responsible for lower dimensional accuracy, lower surface quality and higher 
surface roughness of the workpiece and a shorter service life of the tool [4]. It is thus essential that machining 
operations should be performed using cutting fluids with cooling and lubrication properties [5]. The two 
functions of the fluid contribute to a longer service life of the tool, smaller thermal deformation of the workpiece 
and its higher surface quality. The use of cutting fluids results in more efficient removal of chips from the cutting 
zone, higher effectiveness of the machining process and smaller cutting forces [6]; they also protect the 
workpiece against corrosion [7]. 

Cutting fluids have a significant impact on human health and the natural environment over the whole period of 
use. When cutting fluids containing mineral oil come into contact with human skin, they may cause various 
skin complaints such as dermatitis, folliculitis or discolouration. All skin disorders result from the use of 
additives, whose role is to alter the properties of cutting fluids and remove impurities [8]. 

The 2004 Health and Safety Executive (HSE) report shows that about 80% of all the occupational diseases 
associated with metal cutting are due to skin exposures to cutting fluids. Extensive research by chemists and 
tribologists on mineral oil-based cutting fluids is thus important to eliminate or control the above mentioned 
occupational health hazards [9]. 

2. MATERIALS 

2.1. Cutting fluid 

The tests were performed using Bechem Avantin 361 cutting fluid in the form of water-oil emulsion. The fluid 
is designed for general-purpose and heavy-duty machining of steel, cast iron, non-ferrous metals as well as 
aluminium alloys, brass and copper. Bechem Avantin 361 does not cause skin irritation to machine-tool 
operators. The basic parameters of the cutting fluid tested are provided in Table 1. 
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Table 1 Main parameters of Bechem Avantim 361 cutting fluid 

Mineral oil content pH value (5 %) Corrosion protection (DIN 51360\2) Refractometer factor 

56 % 9.1 5.00 % 1.0 

2.2. Tool and the workpiece 

The tool used in the experiments consisted of a holder and replaceable 10 x 10 mm square tool bits made of 
high-speed steel (HSS). The material exhibits very good ductility, high impact resistance and high abrasive 
wear resistance. Its composition is shown in Table 2. 

Table 2 Composition of HS6-5-2C steel 

Elem. C Mn Si P S Cr Ni Mo W V Co Cu 

wt. % 0.82 - 0.92 ≥ 0.4 ≥ 0.5 ≥ 0.03 ≥ 0.03 3.5 - 4.5 ≥ 0.4 4.5 - 5.5 6-7 1.7 - 2.1 ≥ 0.5 ≥ 0.3 

The workpieces were cylindrical in shape with a diameter of 38 mm. They were made of C45 steel, which is a 
non-alloy quality steel that can be hardened by heat treatment. Its chemical composition is presented in 
Table 3. 

Table 3 Composition of C45 steel 

Elem. C Mn Si P S Cu Cr Ni Mo W V Cu 

wt.  % 0.42 - 0.5 0.5 - 0.8 0.1 - 0.4 max 0.4 max 0.4 max 0.3 max 0.3 max 0.3 max 0.1 - - max 0.3 

3. METHODS 

3.1. Surface texture 

A Talysurf CCI Lite optical profiler was used to analyse the surface texture of the workpieces after turning. The 
wear intensity was determined by means of an SX80 stereoscopic microscope. 

3.2. Surface topography  

A JSM 7100F scanning electron microscope equipped with an EDS micro-analyser was employed to identify 
the elements on the built-up edge after turning. 

3.3. Turning process 

Table 5 Parameters of the turning process 

Workpiece speed  
n, m / min 

Working diameter 
d, mm 

Cutting speed 
vc, m/min 

Feed rate 
f, mm/rev 

Depth of cut  
ap, mm 

400 
38÷0 47.5÷0 0.098 0.5 

The aim of the experiments was to determine the effect of the cutting fluid on the tool wear in the turning of 
C45 steel. The influence of the water-oil emulsion on the tool wear and the workpiece surface quality was 
assessed by comparing the results with those obtained under dry friction conditions. 

Table 5 shows the basic parameters of the turning process. 
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3.4. Tribological tests 

The tribological tests were performed according to the requirements of the ASTM G 99 standard using  
a T-01M ball-on-disc system. The test parameters were as follows: 

 friction configuration: 100Cr6 steel ball-on-HS6-5-2C steel disc; 

 load P = 50 N; 

 sliding rate v = 0.1 m / s; 

 sliding distance S = 1 000 m; 

 relative moisture 50 ± 5 %; 

 ambient temperature T0 = 23 ± 1˚C; 

 friction: dry friction conditions and lubricated friction conditions with the use of Bechem Avantin 361 
cutting fluid. 

4. RESULTS AND DISCUSSION 

4.1. Surface texture  

After turning, images of the tool bit surfaces were taken with an SX80 stereoscopic microscope. The 
microscope software was used to measure the tool wear. The results are shown in Figure 2. 

a) b) 

 
Figure 2 Tool wear after turning under a) dry friction conditions  

b) lubricated friction conditions 

From the comparative analysis it is evident that the maximum wear bandwidth, VBBmax, was lower in turning 
under lubricated friction conditions; after the 10th cycle it was 0.07 mm. By contrast, after turning under dry 
friction conditions, VBBmax was 0.08 mm. The VBBmax curves plotted for turning in the presence of the cutting 
fluid were more stable than those recorded for turning under dry friction conditions. 

Figures 4 and 5 show surface topographies and surface roughness profiles obtained for the workpieces after 
turning under dry friction and lubricated friction conditions, respectively. 

The surface topographies and roughness profiles reveal that lower peak heights and greater valley depths 
were recorded for C45 steel after turning in the presence of the water-oil emulsion. The average peak height 
was approx. 14 µm, while the average valley depth was about 10 µm. After turning under dry friction conditions, 
the average peak height was about 13 µm, whereas the average valley depth was approx. 10 µm. 
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a) 

 

 
b) 

 
Figure 4 Workpiece surface after dry turning: a) 3D surface texture and b) roughness profile 

a) 

 

 
b) 

 
Figure 5 Workpiece surface after turning with cutting fluid: a) 3D surface texture and  

b) roughness profile 

4.2. Surface topography  

Figures 5 and 6 show SEM images of the wear track and X-ray energy spectra for the tool bits after turning 
under dry friction and lubricated friction conditions. 

a) 

 

b) Result Type Weight % 

 Spectrum Label Si Cr Mn Fe Ni Cu Mo Total 

2 0.50 0.27 0.77 96.43 0.34  0.01 98.33 
 

 
Figure 6 SEM analysis of the tool wear after dry turning: a) image of the wear track and  

b) X-ray energy spectrum 
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a) 

 

b) Result Type Weight % 

Spectrum Label Si V Cr Mn Fe Ni Mo W Total 

3 0.82 0.51 4.25 0.21 92.50 0.25 0.36 1.05 99.95 
 

 

Figure 7 SEM analysis of the tool wear after wet turning: a) image of the wear track and  
b) X-ray energy spectrum 

After dry and wet turning, a built-up edge was observed on the steel tool bits. When the process was performed 
with the cutting fluid supplied to the cutting zone, constituent elements of the tool material (tungsten W and 
vanadium V) were found on the built-up edge. By contrast, no such elements were observed after dry turning. 
This suggests that some workpiece material was locally transported. 

4.3. Tribological tests 

The results of the tribological tests were represented graphically to show the relationship between the 
coefficient of friction and the intensity of linear wear under dry friction and lubricated friction conditions for the 
HS6-5-2C steel ball and 100Cr6 steel disc configuration. The results registered under dry friction conditions 
were the reference data. 

 
Figure 9 Coefficient of friction for dry and wet turning 

Figure 9 presents the average values of the coefficient of friction for the ball-on-disc configuration operating 
under dry friction and lubricated friction conditions. The value of the coefficient of friction reported after wet 
turning was lower (  0.27) than that obtained after dry turning (  0.67). There is a clear difference in the 
coefficient of friction between dry turning and wet turning. 

 
Figure 10 Intensity of linear wear for dry and wet turning 
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Figure 10 compares the tool wear under dry friction conditions with that under lubricated friction conditions. The 
intensity of linear wear obtained after wet turning (w  0.029 µm) was lower than that reported after dry turning 
(w  0.112 µm).  

5. CONCLUSION 

The increased demand for cutting fluids that do not cause allergy in humans and can be used safely during 
production is a result of higher workplace health and safety requirements. This article has looked at the latest 
trends in cutting fluids that are safe for machine-tool operators. 

The test results reveal that after the turning process conducted in the presence of the selected cutting fluid, 
the analysed coefficients describing the tool wear at the flank face, i.e. the maximum and average wear 
bandwidths (VBBmax and VBB, respectively), were higher than those obtained under dry friction conditions. 

The SEM analysis of the tool bits indicates that during dry turning there was a local transport of material from 
the workpiece. 

From the surface topographies and roughness profiles obtained with an optical profiler it is evident that after 
wet turning the workpiece surface was smoother with lower peak heights and smaller valley depths. 

The tribological data suggest that the use of the cutting fluid resulted in lower tool wear. The coefficient of 
friction was more than 80 % lower and the intensity of linear wear was about 74 % lower when compared with 
the values recorded after dry turning. 
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ARRANGEMENT IN LASER-ARC HYBRID WELDING PROCESS ON THE FORMATION OF 

THE WELDING POOL 
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Abstract 

This paper concerns the mathematical and numerical modeling of thermal phenomena in the laser-arc hybrid 
welding process with the motion of liquid steel in the welding pool taken into considerations. Developed models 
are used in computer simulations of hybrid welding process with assumed different relative arrangement of 
heat sources in the process. The shape and size of the welding pool is numerically estimated. Numerical 
predicted hybrid welded joints are compared to macroscopic pictures of cross sections of experimentally 
obtained welds. 

Keywords: Hybrid welding, relative arrangement, heat source, numerical modeling, welding pool 

1. INTRODUCTION 

The use of hybrid welding technique, involving a laser beam and electric arc, reduces a number of drawbacks 
of both methods used separately. The proper use and optimization of hybrid welding requires the knowledge 
about complex thermal phenomena accompanying this process and a number of technological parameters 
that need to be correctly set to ensure the process stability and proper quality of the joint - see Figure 1 [1]. 

 
Figure 1 Yb:YAG + MIG welding head at Welding Institute in Gliwice 
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In addition to the parameters associated with separate arc welding and laser beam welding methods there are 
new technological parameters that have to be taken into account in the development of this welding process. 
The most important role plays here the relative arrangement of heat sources (a system with leading laser beam 
in the tandem or system with leading electric arc in the tandem) and the relative distance of heat sources that 
directly influence the shape and size of the welding pool [2, 3].  

Numerical analysis of thermal phenomena, including heat transfer and motion of liquid material in the welding 
pool allows the proper selection of process parameters used to obtain a desired geometry of the joint. The 
computational complexity of this issue forces researches to use simplified mathematical and numerical models 
describing chosen phenomena [4, 5]. One of usually ignored phenomena in the numerical analysis of welding 
processes is the motion of liquid material in the welding pool. A very important issue in the modelling of laser 
beam welding is an appropriate selection of heat source power distribution. However, the laser beam intensity 
distribution models assumed in numerical analysis significantly differ from real Yb:YAG laser profile, obtained 
through experimental research [6]. 

This paper presents a three-dimensional model of thermal phenomena in the laser - arc hybrid welding 
process. On the basis of elaborated mathematical and numerical models, computer solver is developed for 
simulation of hybrid welding process. A new interpolated model of hybrid heat source is proposed in this study 
taking into account the real measurement of Yb:YAG laser beam heat source power distribution. Computer 
simulations are performed for different realative arrangement of heat sources: with leading electric arc as well 
as the laser beam in the tandent. A comparison is made between numerically predicted shapes of the weld 
and HAZ and macroscopic pictures of the cross section of real welded joints. 

2. NUMERICAL MODELLING 

The differential governing equations based on continuum formulation consist of mass, momentum (Navier-
Stokes) and energy conservation (heat transfer) equations (Eq. 1-3), expressed as follows: 
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Governing equations are completed by the initial and boundary condition. Eq. (2) is completed by the initial 

condition 0:0  vt  and Dirichlet type boundary condition 0 STTv  at the boundaries determined by the 

solidus temperature (melted zone boundary). Marangoni effect is considered [7] at the top surface of welded 
plate. Energy conservation equation (3) is completed by the initial condition 0:0 TTt   and boundary 

conditions of Neumann and Newton type taking into account the heat loss due to convection and radiation. 

Defined by Goldak [8] ‘double ellipsoidal’ power distribution of the heat source bellow the welding arc is used 
in modeling of arc welding heat source (Figuer 2a). Kriging interpolation method of predicting the power 
distribution of laser beam heat source is used in numerical model (Figure 2b). Kriging method at the point (x, 
y) is described as a linear combination of observations in basic points (the actual power distribution). The 
estimate is a function of the weighted average [9]. The measurement of Yb:YAG laser power distribution, used 
in the interpolation model, is performed at the continuous power 900 W of the laser beam due to the limitations 
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of the resistance of measuring needle and the detector of UFF100 system. Hybrid heat source adapted in this 
study (Figure 2c) is a combination of electric arc and laser beam heat sources acting in tandem. 

 
Figure 2 Goldak’s heat source shape (a), percentage distribution of laser beam power interpolated by 

Kriging method (b) and hybrid heat source used in numerical model (c) 

 
Figure 3 Numerical algorithm 
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Differential equations describing thermal phenomena in discussed welding processes are numerically solved 
using projection method with finite volume method (FVM) [10] and finite element method (FEM) [11, 12]. 
Numerical algorithm is presented in Figure. 3. 

3. RESULTS 

Computer simulations are performed for butt welded thin 
sheets made of S355 steel with dimensions: L = 150mm in 
length, a = 30 mm in width and thickness of g = 5 mm. 
Assumed boundary conditions are presented in Figure 4. The 
heat loss due to convection and radiation is assumed in every 
boundary of analyzed system (Γ1). The heat flux due to 
evaporation as well as heat flux of a laser beam towards 
heated material (Γ2) is considered from the face of the weld in 
the heat source activity zone. In the fusion zone, determined 
by solidus temperature (TS) changing in time, Marangoni effect 
is considered (Γ3) from the face of the weld and Dirichlet type 
boundary condition from the root side of the weld (Γ4) [7]. 

It is assumed that welding process proceed without a gap. The 
following process parameters are accepted in computer simulations: laser focus diameter dL = 0.8 mm, laser 
beam power Q = 3 kW, arc voltage U = 19 V and current I = 190A. Laser beam focusing is at the top surface 
of welded sheets (z=0). Welding speed is set to v = 1 m / min. Welded joint is performed for distance between 
heat sources d = 2 mm. Figure 5 presents results of the simulation of hybrid welding process with leading 
electric arc in the tandem whereas Figure 6 presents results for the system with leading laser beam in the 
tandem. Temperature distribution (Figures 5a and 6a) and melted material flow velocity vectors in the fusion 
zone (Figures 5b and 6b) are illustrated in the longitudinal section of the joint for y = 0. Figures 5c and 6c 
presents the comparison of numerically predicted fusion zone boundary (solid line), determined by solidus 
isotherm (Ts = 1750 K) and heat affected zone boundary (dashed line), determined by austenitization 
temperature (TA = 1000 K) with specific zones presented in the macroscopic pictures of the cross section of 
real welded joints made in Welding Institute in Gliwice. 

 
Figure 5 Numerically estimated a) temperature field, b) melted material velocity field in the longitudinal 

section (y=0) of hybrid welded joint with leading electric arc in the tandem and c) comparison of 
characteristic zones of the joint with the experiment 

Figure 4 Sketch of analysed system 
with marked boundary conditions 
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Figure 6 Numerically estimated a) temperature field, b) melted material velocity field in the longitudinal 
section (y=0) of hybrid welded joint with leading laser beam in the tandem and c) comparison of 

characteristic zones of the joint with the experiment 

4. CONCLUSION 

From performed analysis it can be observed that two heat sources in hybrid welding process determine mostly 
the fusion zone geometry. Laser beam heat source determines the penetration in the material, whereas the 
top surface of the joint is mainly dependent on the arc heat source.  

Different relative arrangement of heat sources cooperating in hybrid welding process has a huge impact on 
the melting mechanism and the formation of the welding pool. As shown in above figures, the calculated 
geometry of the weld and heat affected zone agrees well with experimental results.  

It can be observed that changing the relative arrangement of heat sources not only change the geometry of 
the fusion zone but also thermal cycles and corresponding cooling rates in the joint and heat affected zone, 
therefore further analysis of the influence of relative arrangement on the microstructure and mechanical 
properties of welded joint is desirable. 
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Abstract 

The newly developed grades of austenitic heat resistant steels (Super 304H, HR3C, TP 347 HFG) exhibit 
superior corrosion resistance in steam as well as creep strength thanks to their fine-grained microstructure, 
especially in case of Super 304H and TP 347 HFG. They are worldwide used in USC power plant boilers and 
substitute steels AISI 316, AISI 321 and/or AISI 347 formerly used in superheater and reheater tubes. On the 
other hand, the structural stability of these new steels is under examination, especially form the viewpoint of 
-phase precipitation which is known for its embrittlement effect. 

The precipitation of -phase was already found in the mentioned steels after long-term annealing at working 
temperature in the base material of tubes as well as in the tube bends. However, it seems that the presence 
of applied stress (and/or deformation) significantly promotes the precipitation of this phase. Therefore, much 
more and coarser particles of -phase were detected in the weldments after creep exposure. 

The paper presents the results of stress rupture tests of welded tubes made of steels Super 304H and HR3C, 
the assessment and prediction of long-term creep life and describes also the structural changes that appeared 
in these steels, especially precipitation of -phase, when significant difference in the amount of -phase 
between the both steels was revealed. 

Keywords: Super 304H, HR3C, welded joint, creep strength, sigma phase 

1. INTRODUCTION 

In connection with the installations of USC boilers working with steam temperature above 593 °C and pressure 
25 MPa, the attention was focused (besides low alloy steels for waterwalls and modified chromium steels for 
headers and pipelines) on austenitic steels for superheaters and/or reheaters. The new materials developed 
and implemented in USC boilers are upgraded austenitic heat resisting steel, which, in addition to increasing 
creep strength, show also better resistance to high temperature oxidation in the steam. This paper aims to 
evaluate the long-term creep properties of heat resistant steel for USC blocks and to investigate the formation 
of σ-phase and its effect on material properties of base metal and welded joint made of these steels. 

2. NEW AUSTENITIC STEEL GRADES SUPER 304 H AND HR3C 

Experience with the exfoliation of superheater tubes of austenitic steels AISI 304 (H) and AISI 316 (H) at 
temperatures over 650 °C led to efforts to increase the oxidation resistance in steam as well as creep strength 
at temperatures above 650 °C [1, 2], which resulted in the development of a new generation of austenitic heat-
resistant steels for USC boilers, two of them known as Super 304 H (1.4907, X10CrNiCuNb18-9-3) and HR3C 
(1.4952, X6CrNiNbN 25-20. These steels have not been included in the European material standards yet and 
are used according to the German material sheets [3, 4] or according to ASTM A213 as TP310HCbN (HR3C) 
in the USA The steel Super 304 H is still produced according to ASME Code Case 2328 [5]. The comparison 
of creep rupture strength of several grades of chromium modified and austenitic stainless steels is shown in 
Figure 1 [6]. 
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Figure 1 Comparison of creep rupture strength of various creep resistant steels [6] 

The most significant change in chemical composition of steel Super 304 H compared to AISI 304 grade is an 
addition of 3 % Cu and alloying by niobium and nitrogen. Copper forms particles of -phase in the matrix, i.e. 
small spherical precipitates which significantly reinforce the matrix. Steel HR3C, developed form the steel 
grade AISI 310, then has optimized and balanced nitrogen and niobium contents, which should increase creep 
resistance and also reduce the susceptibility to the formation of undesirable hard and brittle -phase [7]. 

3. EXPERIMENTAL MATERIAL AND ITS PROPERTIES 

Tubes ø 38 x 6.3 mm made from steels Super 304 H and HR3C were used as an experimental material for 
the evaluation of creep properties of the base material of tubes (BM) and their welded joints (W). The exact 
chemical composition and mechanical properties are shown in Tables 1 and 2. The weldments were made by 
orbital GTAW with the THERMANIT 304HCu wire with ø 0.8 mm in the case of Super 304 H steel and 
Thermanit 617 (or UTP A 6170 Co) for HR3C tubes. Details of the welding process were stated in [8].  

Table 1 Chemical composition of tubes made of Super 304 H and HR3C steel [wt. %] 

Steel C Si Mn P S Cr Ni Nb N Cu B Al 

Super 304 H 0.08 0.25 0.81 0.030 0.001 18.3 9.0 0.49 0.11 3.07 0.004 0.005 

HR3C 0.06 0.41 1.19 0.016 0.000 24.9 19.9 0.44 0.26 - - - 

Table 2 Mechanical properties of tubes made of Super 304 H and HR3C steel 

Steel Rp0.2, [MPa] Rm, [MPa] A, [%] Rp0.2 (600°C), [MPa] KV (10x2.5 mm), [J] 

Super 304 H 326 627 43 239 30 

HR3C 363 740 49 186 40 
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4. RESULTS OF CREEP TESTS OF BASE MATERIAL AND WELD JOINTS 

Creep tests were performed at temperatures 650, 700 and 750 °C. The calculated values of creep rupture 
strength in 10 000 and 100 000 hours (Ru/T/104 and Ru/T/105) are stated in Table 3 and compared with the mean 
values given in the material sheets [4, 5]. Seifert parametric equation was used for the calculation [9]: 

2
210log PAPAARuT  ,   410log  rtCTP        (1) 

where T is temperature in K, tr is time to fracture in hours, A1, A2, ... Ak and C are material constants. 

Recalculation of experimental results into the value of Larson-Miller parameter PLM was used to compare the 
evaluated creep resistance of the base metal and welded joint by using the Eq. (2) [10]: 

 CtTPLM  )log(            (2), 

Constant C equals to 20.8 and 16.6 for Super 304 H and H3C steels, respectively, which are the values 
calculated by the method of least squares from data stated in the material sheets [4, 5]. 

Table 3 Creep properties of tube and weldment made of Super 304 H and HR3C steels 

Temp. 

Super 304H HR3C 

Ru/T/104 [MPa] Ru/T/105 [MPa] Ru/T/104 [MPa] Ru/T/105 [MPa] 

Tube Weld [4] Tube Weld [4] Tube Weld [5] Tube Weld [5] 

650 °C 174 158 160 102 88 116 168 141 171 102 92 114 

700 °C 104 89 101 57 43 68 104 99 108 58 63 66 

750 °C 60 47 61 31 19 37 62 70 64 32 44 39 

The comparison of creep tests of base metal (BM) and welded joint (W) is for both steels shown in Figure 2. 
Fulfilled points represent the ruptured specimens, while empty points are still running tests. The solid lines 
labelled WB 550 and WB 546 represent the mean creep strength of both steels according to [4, 5] and the 
dashed line the lower 20% tolerance limit. The results confirm good creep resistance of the tested tubes as 
well as their welded joints, when base materials oscillate around the mean values and welded joints are very 
close to or even inside the lower 20% tolerance limit, even though they have lower tolerance limit 40 %. 

   

Figure 2 Creep strength as a function of Larson-Miller parameter for both steels and weldments 

Although the creep strength of both steels does not look to be affected significantly by structural changes 
appearing during creep exposure and characterized principally by -phase formation, plasticity, i.e. elongation 
and mainly reduction of area falls rapidly with increasing time to rupture. This effect is more pronounced in 
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HR3C steel and weldment but the same tendency especially for higher temperatures can be seen in Super 
304 H steel, too, see Figure 3. 

    

Figure 3 Reduction of area as a function of time to rupture and temperature 

5. RESULTS OF METALLOGRAPHIC ANALYSIS OF BASE MATERIAL AND WELD JOINTS 

In order to find the reason for rapid drop of plasticity with increasing time to rupture, the ruptured specimens 
were longitudinally cut and prepared for metallographic analysis and comparison with the as-welded state. The 
detailed information about these creep tests (temperature, stress, time to rupture, reduction of area and 
location of fracture are stated in Table 4 and show that in case of HR3C steel the reduction of area dropped 
form more than 40 % at 650 °C down to less than 3 % at 750 °C at similar time to rupture.  

Table 4 Parameters of analyzed creep tests 

Weld Specimen T, [°C] s, [MPa] tr, [h] Z, [%] Fracture at 

Super 304 H - Super 304 H DP 99 650 140 14 632 22.4 BM 

HR3C - HR3C DP 03 650 160 8 968 51.1 BM 

HR3C - HR3C DP 20 750 50 7 704 2.8 CG HAZ 

The examples of microstructure of creep tests of weldments after creep exposure at 650 °C of both tested 
steels with the dark particles of -phase precipitated on grain boundaries are shown in Figure 4. The rupture 
locality was in both cases base material. 

  

  

Figure 4 Macrostructure of creep specimen and microstructure of BM of Super 304 H (left) and HR3C (right) 
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On the other hand, at 750 °C the rupture locality shifted to the coarse-grained part of heat affected zone (CG 
HAZ), see Figure 5. When microstructure of CG HAZ and base material is compared it is clear that precipitated 
in the CG HAZ formed of chains along grain boundaries, while in the base material these particles are 
distributed more randomly. Precipitation of σ-phase on the grain boundaries is also accompanied by the local 
depletion of chromium content, which can further lower their strength. 

 

 

Figure 5 Creep test DP 20: 
above left: rupture line in CG HAZ 

above: chains of -phase particles along brain 
boundaries in CG HAZ 

left: distribution of -phase particles in  
base metal 

6. DISCUSSION 

It was observed that in creep resistant stainless steels, -phase has a detrimental effect on creep properties 
when precipitated on grain boundaries, but little effect when it precipitates intragranularly. It precipitates first 
on triple points and then on grain faces. After long-term ageing at high temperature, it also forms on incoherent 
twin boundaries and intragranular inclusions.-phase was found in most of the grades of austenitic stainless 
steels. However, it forms after different times and its formation is faster in stabilized grades than in other 
grades, which correlates with the fact that -phase forms when the carbon content falls below a critical value 
and the chromium equivalent is higher than 18 wt. %. [11] The precipitation of M23C6 lowers the carbon and 
chromium concentration in the solid solution and then retards its precipitation. Elements like Cr, Nb, Ti, W or 
Mo are known to promote the formation of -phase, silicon promotes and accelerates its formation, while 
carbon, nitrogen and boron inhibits it. In general, formation of -phase in ferrite is about 100 times faster than 
in austenite, which means that also the presence of -ferrite accelerates -phase precipitation. [12] The 
formation range of -phase is from 600 to 900 °C and the presence of ferrite, which is higher in Cr than 
austenite, significantly accelerates -phase formation. Therefore, weld metals containing retained ferrite are 
most susceptible to -phase embrittlement. Cold work also accelerates the nucleation of -phase [13] and the 
same is true for high temperature creep exposure. The presence of -phase itself does not necessarily mean 
a problem; in order to cause significant losses in toughness and ductility, the particles must be continuously or 
nearly continuously distributed in the microstructure. CG HAZ where grain size is much coarser than in the 
base material is then the ideal location where continuous films of -phase can develop. 
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7. CONCLUSIONS 

The evaluation of creep resistance of superheater tubes and their weld joints made of steels Super 304 H and 
HR3C confirmed that the creep rupture strength should lie within the permissible scatter band around the mean 
values, which gave a very good prospect for their long-life operational work. On the other hand, precipitation 
of brittle -phase appearing during creep exposure in the structure and mainly the formation of chains of this 
phase in the heat affected zone of weldments can result in extremely low plasticity especially of coarse grained 
part of HAZ. 
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Abstract  

The presented paper is devoted to the comparison of hydrogen diffusion characteristics in three different kinds 
of TRIP steels (with higher phosphorus content, higher aluminum content and higher silicon content). The 
steels were tested in as-received state after standard heat treatment including two step annealing - an 
intercritical annealing and an annealing in the range of bainitic transformation and in states after 5 % and 10 % 
tensile deformation. Steel microstructures were analyzed by light microscopy, scanning electron microscopy 
and X - ray diffraction. Hydrogen diffusion characteristics were electrochemically measured by Devanathan-
Stachurski method with a double cell separated by steel in the form of a thin membrane. Exit sides of the steel 
membrane were palladium coated to prevent from hydrogen atom recombination during permeation 
experiments. Hydrogen diffusion coefficients were calculated using the „time lag“ method. The lowest values 
of hydrogen diffusion coefficients were recorded in the TRIP steel with higher aluminum content, while the highest 
values were observed in the TRIP with higher phosphorus content. Phosphorus probably enhances hydrogen 
diffusion in steel. Very high sub-surface hydrogen concentrations were observed also in the TRIP steel with 
higher phosphorus content. 

Keywords: TRIP steel, hydrogen diffusion characteristics, electrochemical permeation method 

1. INTRODUCTION  

The need to reduce the mass of automobile “body in white” components whilst meeting strict safety standards 
has spurred increased interest in advanced high strength steel (AHSS) grades. TRIP steels (Transformation 
Induced Plasticity) are one of AHSS with a microstructure of ferritic matrix together with grains of carbide-free 
bainite, and retained austenite [1]. The latter transforms fully or partially under mechanical load to martensite 
(TRIP effect) and contributes to improved strain hardening and postponed necking. The combination of 
strength and ductility allow TRIP steels to absorb large amounts of energy before rupture occurs [2]. The 
properties of TRIP steels depend on an optimal chemical composition, and it is essential to include elements 
that inhibit cementite and/or carbide precipitation to ensure a sufficient quantity of retained austenite (RA) 
remains in the steel microstructure at ambient temperature. TRIP steels were initially based on the C-Mn-Si 
chemical composition. The main contribution of silicon is that it significantly increases carbon activity, 
especially in ferrite, reduces carbon solubility in ferrite and thus provides an efficient enrichment austenite in 
carbon during heat treatments. Another benefit of silicon is the ability to suppress the formation of cementite 
especially in the area of bainitic transformation. Due to the fact that silicon may cause serious difficulties during 
hot-dip galvanizing, this element is often partially or totally replaced by aluminum. Another benefit from the 
presence of aluminum is that Al accelerates the bainite formation, which is very important in the continuous 
industrial production. Aluminum, on the other hand, increases martensite start (Ms) temperature and 
destabilizes retained austenite in this way [3]. Variants of TRIP steels have also been developed with high 
phosphorus content, again to improve conditions of hot-dip galvanizing and to facilitate retained austenite 
stabilization. Appropriate amount of the retained austenite in the TRIP steels (10 - 15 %) is however essential 
for the achievement of optimal mechanical properties [4], [5]. One of the basic technological demands of TRIP 
steels is easy hot-dip galvanizing to ensure they have corrosion resistance [6]. A pre-treatment process, e.g., 
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acid pickling in different acids (preferentially in HCl), precedes hot-dip galvanizing. This operation represents 
a risk from hydrogen embrittlement, as hydrogen can enter the steel during the acid pickling process. In 
general, a high resistance of TRIP steels to hydrogen embrittlement is assumed because of the higher retained 
austenite content. The retained austenite in steels is favorable, in that it can form traps that can strongly bind 
hydrogen [7].  

In this work the hydrogen diffusion characteristics of three variants of TRIP steel were compared. The hydrogen 
diffusion characteristics were measured by the electrochemical permeation method of hydrogen. The steels 
were studied in three different states: in the as-received state (after both hot and cold rolling and a subsequent 
heat treatment) and furthermore after 5 % and 10 % tensile deformation to change both mechanical properties 
and microstructure of the steel.  

2. MATERIALS AND EXPERIMENTAL TECHNIQUES 

Three different TRIP 800 steels with guaranteed minimum yield strength of 420 MPa and minimum tensile 
strength of 800 MPa were used in our experimental study. The first alloy (designated as Sample A hereafter) 
was a sheet of C-Mn-Si TRIP steel with a thickness of 1.5 mm produced under laboratory conditions using the 
laboratory rolling mill at the Faculty of Metallurgy and Materials Engineering (FMME) VSB (Technical University 
of Ostrava) in the Czech Republic (FMME VSB - TUO). The second alloy (designated as Sample B hereafter) 
was a sheet of C-Si-Mn-Al TRIP steel with the same thickness as Sample A. Sample B was also prepared in 
the laboratory at FMME VSB - TUO. The third alloy (designated as Sample C hereafter) was a sheet of C-Si-
Mn-P TRIP steel with the same thickness as Sample A and Sample B and Sample C was also prepared in the 
same laboratory. The chemical composition of the three variants TRIP steel is given in Table 1.  

Table 1 Chemical composition of the studied TRIP steels (wt. %) 

Sample C Mn Si P S Cr Mo Cu Al 

A 0.20 1.48 1.48 0.014 0.004 0.17 0.01 0.06 0.06 

B 0.21 1.57 1.05 0.013 0.005 0.16 0.01 0.07 0.54 

C 0.20 1.50 1.50 0.050 0.005 0.16 0.01 0.06 0.006 

Generally, the heat treatment of the TRIP steels consists of the five stages shown in Figure 1: rapid heating, 
self intercritical annealing, rapid cooling, isothermal endurance at the temperature of the bainitic 
transformation, and the last stage is cooling to room temperature. Details concerning steel manufacturing and 
its heat treatment can be found in [8].  

 
Figure 1 General scheme of heat tretment for TRIP steels 

Mechanical properties and content of retained austenite of the studied TRIP steels are given in Table 2 in as-
received state. 
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Table 2 Mechanical properties of the studied TRIP steels in as-received state 

Sample Yield strength (MPa) Tensile strength (MPa) Elongation at fracture 
(%) 

Retained austenite 
content (%) 

A 440 890 29.5 11.0    2.0 

B 425 880 29.5 13.0    2.0 

C 401 925 27.2 14.9    2.0 

Steel structures were observed using light microscopy (LM) and scanning electron microscopy (SEM) [8]. 
Retained austenite (RA) content was determined by means of X-ray analysis using Co Kα source (λ = 0.17902 
nm). From the point of view of LM and SEM the steel microstructure consisted of ferrite and bainite only. In 
some micrographs, presence of martensite was also revealed using SEM. Examples of the microstructure of 
the studied TRIP steel are shown in Figure 2a, b, c, d for the as-received state and for the state after 10 % 
tensile deformation. 

  

a) Microstructure of TRIP steel Sample A in as-
received state (LM with Nital etch) 

b) Microstructure of TRIP steel Sample B after 10% 
derormation (LM wih Nital etch) 

  

c) Microstructure of TRIP steel Sample C in as-
received steel (SEM) 

d) Microstructure of TRIP steel Sample B after 10% 
deformation (SEM) 

Figure 2 Microstructure of the TRIP steels  

Electrochemical hydrogen permeation tests were carried out using a Devanathan-Stachurski two-component 
environmental cell consisting of separate charging and oxidation cells constructed from inert materials, with 
reference electrodes and auxiliary electrodes (usually platinum) and separated by a steel membrane - working 
electrode. The output side of the membrane was first electroplated with a thin palladium layer, and then 
mounted between the two cells of the Devanathan-Stachurski setup. The palladium layer serves to prevent 
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from hydrogen atom recombination during permeation experiments [7]. The processes that occur during the 
electrochemical permeation of hydrogen are described in Figure 2. The hydrogen charging cell was filled with 
0.05M H2SO4, while the exit cell was filled with 0.1 M NaOH solution. The exit cell was de-aerated by argon 
bubbling before and during experiments. The hydrogen permeation current was recorded using a VOLTALAB 
40 potentiostat during experiments. 

After an output current stabilization, the entry side of the specimen was polarized anodically at a current density 
of + 35 mA·cm-2. At the end of this period (5 minutes), H2SO4 charging solution was renewed continuously to 
eliminate metallic ions from the solution. After that, two build-up transients (BUT) were recorded, the first one 
at the charging current density of -20 mA·cm-2, the second one at the charging current density  
of -35 mA·cm-2. Before ending the experiment hydrogen charging was stopped and a decay transient (DT) was 
also recorded. This procedure was modified with respect to the previous results [9] to shorten the time of 
experiments and to overcome some disadvantages of the procedure used before. An example of obtained 
hydrogen permeation curve is shown in Figure 3. 

 
Figure 2 The processes during the electrochemical permeation of hydrogen (1 - reduction of hydrogen from 
the electrolyte and its adsorption on the steel surface, 2 - absorption of hydrogen, 3 - diffusion of hydrogen 
through the sample, 4 - hydrogen adsorption on the entry side, 5 - oxidation of hydrogen atoms and their 

transition into the solution) 

 
Figure 3 Example of hydrogen permaeation curve for the C-Mn-Si TRIP steel 
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3. RESULTS AND DISCUSSION 

To calculate the effective diffusion coefficient based on the elapsed time, we used the following equation: 

L
eff t

LD



6

2

 (1) 

where: L - membrane thickness (cm), tL- time where the permeation currents reaches 63% of its steady-state 
value (s). 

Sub-surface hydrogen concentration was calculated by Equation 2: 

FD
LiC

eff
H 


 0  (2) 

where: i  - steady-state current density (Am-2), L - membrane thickness (m), Deff - effective diffusion 
coefficient (m2s-1), F - Faraday´s constant (Cmol-1). 

The hydrogen diffusion coefficients are given in Table 3 for all three studied states and all variants of TRIP 
steels. 

Table 3 Effective hydrogen diffusion coefficient Deff for all studied states and all variants of TRIP steel 

State / 
part of a 
permeation 
curve 

as-received 

Deff (cm2s-1) 

5 % deformation 

Deff (cm2s-1) 

10 % deformation 

Deff (cm2s-1) 

A B C A B C A B C 

first BUT 7.49·10-8 7.50·10-8 1.80·10-7 8.10·10-8 9.00·10-8 1.48·10-7 9.32·10-8 6.76·10-8 1.50·10-7 

second BUT 4.68·10-7 4.72·10-7 6.75·10-7 6.48·10-7 5.86·10-7 7.53·10-7 6.30·10-7 4.57·10-7 8.48·10-7 

DT 2.45·10-7 2.44·10-7 4.24·10-7 3.17·10-7 2.42·10-7 4.53·10-7 3.08·10-7 2.13·10-7 5.53·10-7 

It can be deduced from Table 3 that the lowest and nearly the same values of hydrogen diffusion coefficient 
were obtained for the first BUT in all studied states. This fact can be related to the extensive hydrogen trapping 
in both reversible and irreversible traps during the 1st BUT. Hydrogen diffusion coefficients corresponding to 
the 2nd BUT were markedly higher in all states in comparison with the 1st BUT and confirmed thus that the 
major part of traps was filled by hydrogen during the 1st BUT. In the case of the 2nd BUT hydrogen diffusion 
coefficient was a little higher for the state after 5 % tensile deformation. This behaviour is in a good agreement 
with the results of Kim et al. [10]. For the decay transients the hydrogen diffusion coefficients were situated 
between the values obtained for the 1st and 2nd BUT. All measured values of hydrogen diffusion coefficient for 
the TRIP Mn-Si and TRIP Mn-Si-Al steel were very low for a predominantly bcc steel and they were even lower 
in comparison with the values obtained for the TRIP Mn-Si-P, which exhibited the highest values of hydrogen 
diffusion coefficient in all studied states and for every kind of transient. 

Hydrogen sub-surface concentrations were calculated for the 1st BUT using Equation 2. The calculated values 
are rather high for steels having predominantly bcc lattice and they can be attributed to the presence of retained 
austenite in the structure. The observed increase of the hydrogen sub-surface concentration after tensile 
deformation can be related to the enhanced hydrogen absorption provoked by the higher dislocation density. 
On the other hand, the observed values of TRIP Mn-Si and TRIP Mn-Si-Al are lower in comparison with the 
values calculated for the TRIP Mn-Si-P steel. This difference supports the fact that phosphorus can promote 
hydrogen absorption into the steel in a significant way. The high sub-surface concentration of hydrogen in the 
studied TRIP steels can, at least partially, explain rather high susceptibility of the TRIP steels to hydrogen 
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embrittlement. Hydrogen sub-surface concentrations were only calculated for the 1st BUT. The obtained results 
are given in Table 4. 

Table 4 Hydrogen sub-surface concentrations during the first BUT (mass ppm of H) 

As-received 5 % tensile deformation 10 % tensile deformation 

A B C A B C A B C 

11.3 8.6 17.5 13.6 10.9 22.9 15.8 14.1 25.1 

4. CONCLUSION 

The presented paper was devoted to evaluation and comparison of hydrogen diffusion characteristics in three 
variants of the TRIP steel. Hydrogen diffusion coefficients of all studied TRIP steels depend only slightly on 
the steel deformation. The values obtained for the TRIP Mn-Si and TRIP Mn-Si-Al are lower in comparison 
with TRIP Mn-Si-P, which means that phosphorus can enhance hydrogen diffusion in this steel. Hydrogen sub-
surface concentrations are rather high for all studied steels; they increase with the applied tensile deformation. 
The highest sub-surface concentration was observed in the case of the TRIP C-Mn-P steel, i.e. phosphorus 
can favor hydrogen adsorption and absorption. 
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Abstract 

This paper addresses the FEM numerical analysis of thermal field distribution in a thin-walled aluminum alloy 
pipe subjected to circumferential welding with a laser beam as a source of heat. The paper presents 
constitutive equations describing the studied phenomenon. Computation results were compared to the 
experimental welding results. Welding process was performed on the TRUMPF CO2 laser, model 
TruFlow6000. The temperature ahead of the moving laser beam front was measured by the optical pyrometer. 
Pyrometer indications confirm that there is a sufficient level of correspondence between the numerical analysis 
and the actual results. 

Keywords: Laser welding, FEM analysis  

1. INTRODUCTION 

The low melting point (940 K) and high thermal conductivity (180 W/mK) of aluminum alloys [1] significantly 
affect their weldability. The listed properties of the material necessitate the use of concentrated heat sources. 
The application of the FEM method should be accompanied with an appropriate voltage selection necessary 
to heat the workpiece. The voltage value is determined by the thermal conductivity of the material, in the case 
of aluminum it should range from 22.7V to 24.5V (depending on the welding position). To ensure the correct 
course of the process and its accuracy the voltage drop in the grid should not exceed 0.5 V [2]. 

In the course of the alloy welding aluminum does not change its colour (until it reaches the melting point), 
which allows determining the heating temperature and the heat affected zone range [3, 4]. Therefore, in the 
case of the TIG method, the welding current selection and the operator’s experience have a significant impact 
on the final result and the quality of the welded joint. In both methods a negligence during the process may 
result in the workpiece burn through. 

Similarly, laser welding of aluminum alloys is problematic. The high reflectivity of the surface results in the low 
absorption of the laser radiation power. This coefficient can be increased through sanding or anodizing the 
surface [5, 6]. Moreover, the laser welding process is automatic and its control is limited. 

In the case of circumferential welding of thin-walled pipes one can observe a phenomenon of heat 
accumulation occurring in the workpiece. In consequence, the process parameters need to be modified in the 
course of its duration so that the temperature in the weld pool is constant. In the case of laser technology 
certain devices offer the possibility to use variable radiation power during welding. 

This article presents a numerical simulation of temperature distribution on the circumference of laser welded 
pipe and a laser penetration experiment (a welding process simulation), during which the actual temperature 
distribution was measured. 
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2. NUMERICAL MODEL OF LASER WELDING PROCESS 

The numerical model was developed with the application of the Ansys Fluent 15 package. The paper presents 
a set of basic equations describing the material melting and solidification models and a k-ε model of turbulent 
flow depicting the liquid metal movements in a weld pool [7], [8], [9]. The software under consideration uses a 
parameter known as “liquid fraction coefficient” resulting in the appearance of an interface zone in the 
calculations regarding the melting processes of alloy metals. This coefficient, adopting the value of 0 for the 
solid phase and 1 for the liquid phase is defined by the equation: 
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where: T - temperature, Ts -solidus temperature, Tl  - liquidus temperature.  

It was assumed that the boundary condition at the place of laser beam operation takes the following form: 
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where: IL - heat flux density generated by laser,  Lv - heat of fusion, n - versor, α - heat exchange coefficient, 
εp - emissivity, σ - Stefan-Boltzmann constant. 

It was adopted that beyond the laser beam impact range the heat transfer to the environment has convective 
and radiative nature as described by the equation: 
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              (3) 

The material parameters change with temperature in the course of the process, which should be taken into 
account for the simulation to be reliable [10]. In the FEM programme the change of parameters with 
temperature was predetermined according to the following diagrams (Figures 1 - 2). The FEM analysis of 
temperature distribution was conducted with adopting the beyond conditions and assumptions. 

 
Figure 1 Changes of: a) aluminum density and b) aluminum viscosity with temperature [1] 

a) b) 
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Figure 2 Changes of: a) aluminum specific heat and b) aluminum thermal conductivity with temperature [1] 

3.  FEM ANALYSIS OF LASER WELDING OF A THIN-WALLED ALUMINUM PIPE 

The assumptions outlined in the previous section provided a basis for constructing a discrete pipe model with 
the following dimensions: external diameter d = 30 mm, wall thickness g = 0.9 mm, length l = 300 mm. The 
remaining process parameters used in the calculations were as follows: the melting point ΔTs = 940 K, the 
absorption coefficient A = 0.2, the heat source power (laser beam) P = 2500 W, the thermal conductivity 
coefficient λ = 180 W / mK, the thermal diffusivity coefficient κ = 8 x 10-5 m2 / s, the laser spot diameter on the 
workpiece surface dp = 1.1 mm, the workpiece rotational speed ω = 34 rpm. The total time of the heat source 
operation necessary for the circumferential heating of the workpiece was t =1.2 s (depending on the external 
diameter of the workpiece and the rotational speed). In order to shorten the time of numerical calculations a 
symmetry model along the movement path of the laser beam was applied. 

The calculation grid shown in Figure 3 consists of over one million cubic cells. The calculation grid was 
condensed in the place where the largest temperature gradients occur, i.e. directly by the route of the laser 
beam movement. A time step of 2 × 10-4 s was adopted to meet the convergence criteria for the continuity, 
energy and momentum equations as well as for k-ε. 

 
Figure 3 Grid of the workpiece under consideration developed in the Ansys Fluent 15 programme 

a) b) 
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Figure 4 Isotherm distribution during the different phases of the process, a) shortly after the commencement 

of the process t = 0.2 s, b) in the middle of the process t = 0.6 s, c) the completion of t = 1.2 s 

 

Figure 5 Temperature change in the pool during different phases of the process: a) 0.1 s, b) 0.6 s, c) 1.2 s. 

 

Figure 6 Temperature change in the pool during the welding process (the FEM analysis) 

The FEM simulation was performed for the developed procedure. The isotherm distribution in the workpiece 
in selected process phases is presented in Figure 4. Figure 5 shows temperature changes in the weld pool 
for the presented distributions. The FEM analysis provided the basis for calculating the pool temperature in 
the course of the entire process as presented in Figure 6. 

a) b) c) 

a) b) c) 

a) b) c) 

a) b) c) 
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4. LASER WELDING EXPERIMENT 

The actual workpiece was subjected to the conduction welding test in order to verify the FEM analysis. The 
TRUMPF CO2 laser, model TruFlow 6000, generating a wavelength of 10.6μm was applied for the experiment. 
The resonator is integrated with the LASERCELL 1005 system equipped with a pipe positioner. A thin walled 
aluminum pipe (99.9999 %) was subjected to welding. The pipe surface was roughened to reduce its reflectivity 
(to maximize absorption coefficient A). Argon 99.99 % was used as the shielding gas. The experiment 
conditions and parameters were chosen to meet the assumptions of the FEM analysis: 
- pipe diameter and wall thickness 30 × 0.9 mm - spot diameter on the surface of the workpiece: dp = 1.1 mm 
- the power of the laser radiation P = 2500 W - workpiece rotational speed ω=34 rpm. 

 
Figure 7 Research station view: 1 - laser head, 2 - positioner, 3 - optical pyrometer, 4 - workpiece 

 

Figure 8 Temperature change in the pool during the welding process (experiment). 

In the course of the process the weld pool temperature was recorded by means of the monochromatic OPTRIS 
pyrometer model G5H. The research station is shown in Figure 7. Changes of temperature during the 
experiment for two independent penetrations are presented in Figure 8. In both cases (the FEM analysis and the 
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experiment) in the initial phase the temperature in the pool rises to approx. 1000 K. This temperature permits the 
welding process. In the case of the FEM analysis the temperature stabilizes at that level in the course of the process. 
In the case of the experiment the temperature remains in the range of from 900 to 1040 K. It is probably related to the 
variable absorption coefficient of laser radiation, depending on the surface temperature of the workpiece. In the final 
phase of the process one can observe a slight rise in temperature to a level of approx. 1020 K (FEM) and approx. 
1040 K (experiment). This is due to the heat accumulation in the workpiece. After the process completion the 
temperature drops rapidly to approx. 530 K in both cases. 

5. CONCLUSIONS 

1) The use of FEM analysis allows calculate the process parameters in laser welding of thin-walled 
aluminum pipes with a good degree of accuracy. The difference between the values obtained by 
experiment and by simulation was in our case less than 10 %. 

2) The results obtained from the numerical analysis permit a satisfactory determination of the maximum 
temperatures reached by the workpiece subjected to the operation of a heat source in the form of a laser 
beam. Hence, it is possible to avoid the material damage during the process. 

3) Numerical analysis is significantly more complicated and long-lasting than analytical calculations it is 
also characterized by high accuracy of the obtained results [11].  

4) Despite the use of variable material parameters the results obtained by the numerical method differ 
slightly from those obtained during the actual process. This may be due to the variable absorption 
capacity of the surface. In the presented model a constant value of absorption capacity was assumed. 
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Abstract 

The subject of the study is theoretical modeling for analysis of the microstructure development in progressive 
droughts of the forging sequence aimed at prediction of the parameters of austenite in as-forged condition, 
prior to and after direct cooling. Based on numerical calculation of temperature, strain and strain-rate, dynamic 
recrystallization kinetics were analyzed with use of Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, and the 
transformed ferrite grain size was calculated, with the use of Hodgson-Gibbs and Sellars-Beynon models. After 
validation of the theoretical models in a simple upsetting, the results have been verified in the industrial forging 
process, which allowed assessment of applicability of the employed models in microstructure prediction in 
reference to hammer-forging of microalloyed steel. The obtained results imply the possibility of the 
microstructure control in multi-stage hammer-forging process and form the basis for comprehensive selection 
of the forging process parameters oriented at accomplishment of required microstructure and minimization of 
the within-part non-uniformity.  

Keywords: Forging, thermomechanical processing, controlled cooling, microstructure evolution, grain  
        refinement 

1. INTRODUCTION 

Despite the incessant development of advanced high-strength steels, medium or low carbon microalloy steels 
still prevail in applications, where excessive strength is redundant, and HSLA grades offer tailored combination 
of mechanical properties [1]. Although controlled hot-rolling dates back to 60 s and/or 70 s of the former century 
[2], reproducible implementations of controlled thermomechanical processing (CTMP) into die-forging process 
can cause technological setbacks. One of the assumptions of cost-effectiveness of the controlled direct cooled 
process is no reheating. Therefore all differences are inherited by as-forged material by subsequent cooling. 
Thus, alongside with the deformation history, variation in conditions for the evolution of microstructure, which 
in controlled thermomechanical processing has a crucial bearing on the final properties, needs to be 
considered [3]. Contrary to rolling process, satisfactory microstructure/property combinations, by means of 
controlled processing in die-forging, is harder to achieve. Geometry-related non-uniformities of strain, 
temperature, strain rate and dynamic phenomenas' aftermath call for nearly individual selection of processing 
conditions, based on similarity criteria in the modeling methods. Implementation of the controlled 
thermomechanical processing for new instances of forgings require prediction of expected effect of the 
processing conditions on microstructure and properties is presented. It is crucial in the light of wide variety of 
geometries and means of shaping the complex-shape parts with forging techniques, especially in plants where 
hammers are favored. In most cases, manufacturing technology of die-forged parts involves multi-stage 
forging, where deformation degree and rate differ between locations. At some stages only a portion of the 
volume is subject to strain and so the material undergoes dynamic evolution in a selective manner in a bulk. 
Combination of knowledge of the theoretical background underlying the dynamic phenomena and their effects 
with numerical modeling enables prediction of the aftermath and design or elimination of some forging 
operations in processing cycle with regard to anticipated properties of the forged part [4].  
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The aim of the study is determination of possible scatter in grain size after hammer forging sequence and its 
development during consecutive intermediate stages, including multi-stroke semi-open die preforming and 
impression forging, and final controlled cooling with accelerated air. The considered geometry is typical of 
many parts with head and shank, and the analyzed forging sequence is representative of conventional hammer 
forging process, which gives the results utilitarian meaning, as the theoretical modeling refers to technological 
limitations of the forging process. Furthermore, experimental data used for evaluation and verification of the 
results are derived from semi-industrial sampling, which forms the basis for assessment of applicability of both 
the models and the material-conditions combinations considered in the study. 

2. MATERIALS AND METHODS 

2.1. Geometry and material 

The composition of the steel used in the study (Table 1) was designed as a reduced carbon modification of 
designated standard grades 29MnSiVS5, 35MnB4VTi or 38MnSiVS5. The industrial process of drop forging 
of the part shown in Table 2 consisted of four stages: 1) flattening, 2) preforming of the shank, realized in 
cogging sequence, 3) blocker and 4) finisher-die forging, realized altogether in 11 - 14 hammer blows [5]. The 
industrial forging process was the basis for numerical simulation in the code QForm3D, which provided values 
of essential necessary parameters in consecutive hammer blows. Having validated the temperature 
calculations, using pyrometer measurement with on-line correction of emissivity [6], temperature, effective 
strain and effective strain rate, were taken from the simulation. 

 

Figure 1 Forged geometry analyzed in the study 

Table 1 Chemical composition of the analyzed steel (in wt. %.) 

Element C Mn Cr Si Mo Ti V Nb N ppm Al 

Content (wt %) 0.30 1.50 0.42 0.26 0.01 0.011 0.09 0.039 110 0.039 

2.2. Assumptions of the mathematical model 

In order to analyze the evolution of microstructure during consecutive forging operations, JMAK model based 
on classic theory of nucleation and grain growth was employed in the study, as the model which was 
successfully used in modeling dynamic behavior of hot deformed material [7, 8]. Microstructure evolution after 
thermomechanical processing was based on the thermo-mechanical data derived from numerical modeling in 
selected points A and B. Calcultation of every increment was started with checking the condition of dynamic 
recrystallization occurrence, according to the following criterion: 

  

         (1) 

where: εc - threshold strain for dynamic recrystallization to occur, εp - peak strain, D0 - inital austenite grain 
size,  Z -Zener-Hollomon parameter, B, m, p - material constants. 
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The threshold strain level, for Nb-containing steel, was calculated as (eq. 2 and 3): 

 

                                                                                                
(2) 

                                                                                                
(3) 

Activation energy for recystallization was established on the basis of chemical composition from formula  
(eq. 4):  

    (4) 

Kinetics of dynamic recrystallization were calculated from JMAK (eq. 5): 

 

                                                                                                
(5) 

where: ε - unit deformation, ε0,5 - amount of deformation needed for 50 % recrystallization under considered 
conditions. Value ε0,5 was determined as (eq.6): 

 

                                                                           
(6) 

where: T - forge-end temperature. Dynamic recrystallized austenite grain size was calculated as follows (eq. 
7 and 8): 

 
                                                                           
(7) 

and after grain growth: 
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(8) 

where: t - time after completion of recrystallization, Qg - grain growth activation energy. For calculation of 
ferrite grain size after cooling to room temperature Hodgson - Gibb's formula was used (eq. 9-11): 

 

                                                        
(9) 

and Sellars-Beynon equation: 

 

                                                                                          (10) 

                                                                                          (11) 

where: εa - retained strain, CR - cooling rate.  
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4. RESULTS 

Theoretical prediction of the microstructure development during multiple-stroke forging process depended on 
reliable estimation of thermo-mechanical parameters in the points of interest. The values of temperature at the 
beginnings and ends of forging operations, indicated in Figure 2, are plotted in Figure 3a). As it can be seen, 
the balance of deformation heat and heat transfer work metal-tool can generate up to 100 °C difference within 
the volume, which tends to equalize during trimming operation. Analogical plots were constructed for 
equivalent strain, and the maximum strain rate in the center of cross-sections A and B (Figure 3b).  

            a)    b) c) 

 
Figure 2 Numerically estimated progression of effective strain in major forging stages (a-c) 

a) b) 

  
Figure 3 Numerically established history of: a) temperature, b) effective strain and effective strain rate 

Due to a different deformation path, the observed state-of-strain related differences are more pronounced, as 
the shank exhibits nearly four times higher total strain level then the head. These variations formed the basis 
for further analysis, which results in graphs shown in Figure 4. The obtained plots fit to the temperature 
diagrams, reflecting dynamic behavior in the analyzed points. After initial mild-stroke deformation, the 
recrystallized grain grew, to be further refined correspondingly to strain-induced driving force and initial 
austenite grain [9]. What is of the greatest importance in the standpoint of direct heat treatment is the extent 
of the differences within the volume. Contrary to the typical press-forging process, where in a single stroke of 
the ram all volume is subject to deformation, in hammer forging multiple blow sequence is encountered, which 
results in discontinuous realization of the plastic work. As a consequence, dynamic response of the material 
i.e. microstructure development, not only differ from point to point, but runs independently in time. Thus, while 
one portion is being deformed, the other one is fully recrystallized or undergoes grain growth before or after 
deformation. However, comparing the diagrams it can be concluded that the material behavior in the final 
stages the whole forging sequence eventually is similar between locations on the length and on the cross-
sections. The condition of the austenite is reflected by the predicted grain size of the transformation product 
(Table 2). The divergence between locations reaches several microns, which is in agreement with results of 
the metallographic work (Figure 5). The microstructure is composed of acicular ferrite with isolated islands of 
pearlite, which show up in the shank, that is, where the cooling rate was higher. In both sections (A and B), 
large non-recrystallized grains are present, which is the aftermath of inhibiting action of precipitates. The fact 
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that they form greater fraction in the section B is due to smaller strain increment in the last stages of forging. 
Sellars-Beynon model fits better to the results, but non-equiaxed acicular structure justifies the discrepancy 

a) 

 

b) 

 

c) 

 

d) 

 
Figure 4 Results of calculation of dynamic recrystallized austenite grain size and recrystallized fraction for 

various locations: a), b) surface, c), d) core of the head (point A) and the shank (point B), respectively 

Table 2 Calculated average ferrite grain size after direct cooling 

location 
Ferrite grain, Dα, µm 

Hodgson-Gibbs model Sellars-Beynon model 

section A 

(head) 

surface 62.20 15.14 

core 63.95 15.76 

section B 

(shank) 

surface 64.35 16.56 

core 65.24 17.34 

  
Figure 5 Reference microstructure of the analyzed forged part in section A: a) surface, b) core 
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4. CONCLUSIONS 

The results of application of basic models JMAK presented in the study, indicate applicability of microstructure 
development analysis in design of forging microalloyed steel on hammers under conditions of controlled 
thermomechnaical processing. Thereby, they lead to several major conclusions: 

Increase in the microalloying elements, mainly Nb, inhibits dynamic recrystallization, necessitating higher level 
of threshold strain required for that process to occur, which obstruct the kinetics of the process.The 
microalloying elements inhibits austenite transformation by effective fixing the transformation fronts.  

One of the problems featuring processes of forging microalloyed steels is big nonuformity and homogeneity of 
microstructure diring the forging cycle, which enhances the mechanical nonuniformity related to local changes 
of flow stress, which leads to excessive stess gradients in the volume subjected to deformation.  

Deacrese of the forging temperature influences the kinetics of dynamic recrystallization slowing down the 
process rate, increasing the amount of the energy accumulated in the material, supplying thus the driving force 
for possible static recrystallization and eventual austenite grain refinement. 

All these effects call for more careful than for traditional grades, selection of forging process parameters. 
Proper practice here is aid of computer simulation with assumption of microstructure evolution models for 
microalloyed steels.` 
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Abstract 

Proposition of a Cellular Automata (CA) model of carbonitride precipitation to simulate image of microstructure 
in microalloyed niobium steels is presented in the paper. CA model proved to be very efficient in modeling 
various phenomena in material science. Numerical modeling played important role in development of new 
processing technologies taking advantage of precipitation. By modeling we mean a mathematical description 
of the relation between the main process variables and the resulting material properties, based on sound 
physical principles. In microalloyed steels the microalloying elements: Ti, Nb, V are added in order to control 
their microstructure and mechanical properties. High chemical affinity of these elements for interstitials (C, N) 
result in precipitation of binary compound, nitrides and carbides and products of their mutual solubility - 
carbonitrides. The model accounts for an increase of dislocation density due to plastic deformation and predicts 
kinetics of precipitation as well as shape of precipitates. 

Keywords: Cellular automata, carbonitrides, microalloyed niobium steels, microstructure 

1. INTRODUCTION 

Understanding and modeling microstructure evolution is a major concern in the scientific and engineering 
fields. Due to the difficulty of directly incorporating topological features into mathematical models, together with 
the difficulty of providing a space-time description, there has been increasing interest in using computer 
simulation to study and predict the microstructure evolution in a range of technologically important materials 
[1]. Most of the thermodynamics models were developed in the second half of the 20th century. For example 
the model of carbonitrides precipitation in microalloyed steels of Dutta & Sellars [2], Dutta et al. [3], Dutta et al. 
[4]. The models allow calculate kinetics of precipitation and changes of the size of precipitates as a function of 
processing parameters. In the present paper the simplified model accounting for one alloying element, niobium 
[5], is used in CA method to precipitation process to get image of the microstructure. The main advantage of 
the model is simulation of the microstructure image for given chemical composition of steel and parameters of 
technological process. The CA method offers a reasonable balance between its computational simplicity and 
ability to provide quantitative results. 

2. PHYSICAL BASE OF PRECIPITATION IN MICROALLOYED NIOBIUM STEELS 

Carbonitride precipitations has played crucial role in controlling of mechanical properties of microalloyed steels. 
The one of microalloying element Nb is added into low alloyed steels to control their microstructure and 
mechanical properties. High chemical affinity of those elements for interstitials (C, N) results in precipitation of 
binary compound, nitride and carbide and products of their mutual solubility - carbonitride [6]. The composition 
of carbonitrides depends on the composition of steel as well as on the temperature. For calculation of the 
chemical composition of austenite, the composition and volume fraction of carbonitrides the thermodynamic 
models were developed [5, 7, 8, 9], based on the regular solution model for stoichiometric phases developed 
by [10]. The effect of addition of Ti, Nb and V in low alloyed steels on the thermodynamic equilibrium state is 
described by Adrian model [5, 11]. 
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The thermodynamic model allows to calculate the chemical composition of austenite, the composition and 
volume fraction of carbonitrides at given temperature under thermodynamic equilibrium conditions based on 
the knowledge of the chemical composition of the steel. The thermodynamic model does not allow for the 
calculation of the size of precipitations. Information about the size of precipitations produced under non-
equilibrium thermodynamic conditions enables the models of kinetics of carbonitride precipitation [12-17]. 

The non-equilibrium thermodynamic state is usually obtained by decreasing of the temperature or by an 
increase of the pressure. The way of disintegration of the primary phase depends on a number of parameters 
and factors and is difficult to predict. Some of this information was used in the present work to develop the 
transition rules for the CA model to predict the image of microstructure in microalloyed niobium steels. 

3. CA MODEL 

CA is mathematical tools that can be used to model physical systems. The main principles of the applications 
of the CA method in materials science were discussed by Raabe [18]. Modelling microstructure evolution is 
the most frequent application of the CA [19]. 

Idea of the CA technique is to divide a specific part of the material into one-, two-, or three-dimensional lattices 
of finite cells. Each cell in this CA space is called a cellular automaton, while the lattice of the cells is known 
as cellular automata space. Each cell is surrounded by neighbours, which affect one another. Neighbourhoods 
can be specified in one-, two-, and three-dimensional spaces. The most popular examples are the von 
Neumann and the Moore neighbourhoods [18], where in the 2D case each cell is surrounded by either four or 
eight neighbouring cells, respectively. 

Each cell in the CA space is characterised by its state and by values of internal variables. The cells interactions 
within the CA space are based on the knowledge defined while studying a particular phenomenon. In every 
time step, the state of each cell in the lattice is determined by the previous states of its neighbours and the cell 
itself on a basis of a set of precisely defined transition rules: 

푌 , =  
푖푓 (훬) ⟹ 푛푒푤푠푡푎푡푒

푒푙푠푒 ⟹  푌 ,
 (1) 

where: 푌 , , 푌 ,  - state of the cell i,j in the current and previous time step, respectively,  - logical function, 
which describes the condition when the state of the cell changes. Function  depends on: 

훬 =  훬 푌 , , 푌 , , 풑, 풒  (2) 

where: 푌 ,  - state of the cell k,l, which is a neighbour to the cell i,j, in the previous time step, p - vector containing 
external variables, e.g. temperature, q - vector containing internal variables, e.g. carbon concentration. 

Since the transition rules control the cells behaviour during calculations (i.e., during the deformation and 
precipitation processes), the proper definition of these rules in designing a CA model critically affects the 
accuracy of this approach. The transition rules of the developed CA model of precipitation are based on the 
knowledge of experts, scientists, experimental observations, and available literature knowledge. 

4. CA PRECIPITATION MODEL 

Publications dealing with modelling of precipitation using the Cellular Automata are scarce. Objective of the 
present work was to apply CA technique to simulate strain induced transport of carbon and niobium in steel 
and further formation and growth of carbonitride precipitates and predict the image of microstructure in 
microalloyed niobium steels. 
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Conventional equations describing precipitation of carbonitrides, which were used in building the transition 
rules, are given below. Time between the deformation and beginning of precipitation was calculated as [2]: 

푡 . =    
[ ] √

푒푥푝 푒푥푝 .   
[ ( )]

 (3) 

where:  - strain, Z - Zener-Hollomon parameter, R - gas constant (J / (mol.K)), T - absolute temperature (K), 
ks - supersaturation ratio, being the ratio of actual amount [Nb] [C + (12/14)N] to the equilibrium amount, 
defined as: 

푘 =  
[ ] [ ]  [ ]

.
 (4) 

Critical radius for nucleation, rcr, which is assigned to a new nucleus in the CA model, is determined by the 
driving force and the equation is: 

푟 =  −  (5) 

where:   - energy of the interface equal to 0.5 J / m2, ΔGv - the difference in free energy per unit volume (J / 
m3), which is calculated from the formula: 

훥퐺 =  − 푙푛(푘 ) (6) 

where: Vm - molar volume; for Nb(C,N), Vm = 1.28 x 10-5 m3 / mol.  

At elevated temperatures coagulation of the particles of precipitates occurs, what is described by the following 
equation: 

푟 − 푟 =  [ ] 푡 (7) 

where: DNb - diffusion coefficient for niobium (m2 / s), t - time (s).  

Deformation and resulting stresses has strong influence on precipitation. Dislocation density is used in the 
model as a measure of deformation. Increment of the dislocation density in a time step is calculated from the 
differential equation written in a differential form: 

훥휌 =  έ  − 퐵 έ 푒푥푝 휌 훥푡 (8) 

where: t - time,  έ - strain rate (1 / s), M - Taylor constant, b - length of the Burgers vector (2.59 x 10-10 m), l - 
average free path for dislocations (m), n - coefficient, B0 - coefficient of recovery, Qs - activation energy for 
self-diffusion (J / mol). 

Presented equations are used in the model to calculate the conditions, which are used in the transition rules. 

4.1. CA model - states of cells and variables 

Two dimensional CA space was created. Two alternative neighbours were tested: Moore - as neighbors, 
assume all cells, the cells lying on the sides and in the corners, Von Neumann - as neighbors, take only the 
cells lying on the sides of the cell. Since dimensions of precipitates are few orders magnitude smaller than the 
grain size, the modelling process was carried out in a domain, which represented very small part of the 
material. Three possible states of the cell were introduced: austenite (), precipitate (P) and boundary (  - P). 
Beyond this, each cell was characterised by the internal variables: nucleation rate (N), dislocation density (). 
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The following external variables were assumed: concentration of carbon, nitride and niobium in steel ([C], [N], 
[Nb]), current radius of the precipitate (r). 

4.2. CA model - transition rules and flow of calculation 

The transition rules transfer the mathematical model and the knowledge regarding precipitation into the CA 
space. The cell, which belongs to the austenite grain, will become a nucleus of a precipitate, with certain 
probability if: 

 it has a dislocation density exceeding critical value cr, which is a function of the temperature (decrease 
of the temperature results in a decrease of a critical dislocation density). 

The cell, which belongs to the austenite grain, will become a precipitate if 

 it has at least one neighbour, which is a precipitate and the displacement of the  - P interface is larger 
than the distance between the cells and the content of MA in this cell is above equilibrium level. 

The cell, which is a precipitate, will coagulate if 

 it has at least one neighbour, which is also a precipitate and the increase of the radius r is larger than 
the distance between the cells. 

In each time step calculations begin with determination of the increment of the dislocation density. This 
increment is distributed randomly between all the cell, except the cell which are Precipitate. Dislocations are 
allowed to migrate randomly but they cannot cross austenite grain boundaries. In consequence, random 
distribution of dislocation density is obtained with higher density close to the grain boundary and lower density 
inside the grains. Niobium is removed from the neighbour cells to the precipitate. The transition rules are 
checked at each time step. When deformation is finished, the dislocation density remains constant, what 
means that the model at this stage does not account for the recovery. This relation has to be added in each 
cell separately, because recovery depends on the current level of the dislocation density. Calculations are 
stopped when the content of niobium in steel is too low to form new precipitate cells. 

In C# was written and implemented in the Visual Studio 2010 the MPCA program (Marynowski Przemysław 
Cellular Automata). Graphical interface was added. The following input data are introduced through the 
interface: content of niobium, carbon and nitrogen in steel, temperature, strain rate and size of the Cellular 
Automata space. The following parameters are calculated by the model: distribution of the dislocation density, 
distribution function for the size of precipitates and an average size of precipitates and composition of 
austenite. The model contains several parameters, which are not known a’priori. These parameters are critical 
dislocation density, niobium content necessary to create a precipitate. 

5. RESULTS 

Steel containing 0.2 % C, 0.02 % Nb and 0.015 % N subjected to heat treatment austenitization at 1200 °C 
with following holding at T for  time with different strain was considered. Since precipitates are few orders of 
magnitude smaller than the austenite grain size, generation of the initial microstructure was limited to initiation 
of the input parameters. The results of image calculations of microstructure with carbonitride precipitations 
presented in Figure 1 and Figure 2 were obtained for the 300 x 300 cells, while the dimension of a single cell 
was 1 nm. 

Increase of strains leads to rapid decrease of the precipitation time and to larger number of precipitates. It is 
due to the fact that occurrence of larger number of precipitates leads to a decrease of the niobium content in 
the austenite and, in consequence, the growth of precipitates is retarded. 
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Precipitation is thermally activated process and strong influence of the temperature is expected. Solubility of 
niobium in an iron decreases rapidly with a decrease of the temperature. Decrease of the temperature leads 
to a decrease of the average radius of precipitates and to an increase of the number of precipitates. 

 (a)  (b) 

Figure 1 Comparison of simulated microstructures with precipitations of carbonitrides in microalloyed 
niobium steel after heat treatment: austenitization at 1200 °C with following isothermal holding at 880 °C (a) 

and 980 °C (b) for 700 sec and strain 0.01. 

 (a)  (b) 

Figure 2 Comparison of simulated microstructures with precipitations of carbonitrides in microalloyed 
niobium steel after heat treatment: austenitization at 1200 °C with following isothermal holding at 880 °C (a) 

and 980 °C (b) for 450 sec and strain 0.2. 

6. CONCLUSION 

Mechanical properties of microalloyed steels are determined by their chemical composition and technological 
process parameters, which have influence to the size of carbonitrides precipitations. Precipitations inhabit 
grain growth. Refining of grains allows to obtain high mechanical properties of steel after cooling after plastic 
working without additional heat treatment. Based on the chemical composition and size of the precipitations, 
the effect of microalloying element on mechanical properties of steels can be determined. A proposition of the 
CA model for the analysis of the precipitation of carbonitrides in microalloyed niobium steels was presented in 
the paper. The developed MPCA program allows to calculate the microstructure image from given process 
parameters (temperature and time) and chemical composition of steel.  

The model needs further development, which should include: 

 Identification of such parameters as critical dislocation density, the size distribution of precipitation and 
its effect on mechanical properties of steel 

 Validation of the model by a comparison of predictions with the experimental data. 
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Abstract 

Simulation of iron alloy corrosion is widespread used to predict corrosion resistance. The simulation using 
corrosion chambers or climatic chambers provides reasonable information on corrosion resistance, the 
corrosion rate however must be compared to real exposition as the corrosion in simulated environment is 
accelerated compared to real situation. However the composition of corrosion products and its structure is 
different question. The corrosion products composition is dependent on corrosion process. The phases present 
are most likely the same; most voluminous hydrated oxides and oxy-hydroxides on the outside where the less 
voluminous oxides are present in the lower layers. However this macroscopic phase structure may not fully 
describe the layered structure of corrosion products, thickness of corrosion products or mechanical properties. 
In the vicinity of crack in corrosion products the structure is more likely to be similar to the structure near the 
surface. 

Keywords: Corrosion, wrought iron, accelerated ageing, corrosion simulation 

1. INTRODUCTION 

The steel is widespread used construction material, which lifetime is strongly dependent on the corrosion 
resistance in the environment. Suitable way to determine material performance against the corrosion is to 
simulate corrosion in laboratory. Corrosion tests provide information about the material resistance in the 
specific, but the corrosion under such conditions is accelerated. The corrosion during real exposure and 
simulated exposure is not identical. The accelerated ageing favors short term processes. Long term processes 
still do occur but whether or not these results are significant is a matter of question. 

Aim of the work was to find if the simulation - artificial ageing produce similar or identical corrosion products 
with similar or identical layered structure on microscale of these corrosion products. 

2. CORROSION PREDICTION 

Using corrosion tests to predict the capability of material to withstand the environment is used and 
standardized. Accelerated ageing is sometimes used to predict corrosion behavior in real situation. According 
to the works [1 - 3] on the long exposure the corrosion tends to produce layered structure where more 
voluminous corrosion products are on the outer edge and less voluminous are bellow to the metal surface. 
Generalizing from these papers and work [4] we may assume that results from long term exposure will be 
similar. On the contrary accelerated ageing does not duplicate environment absolutely, but rather use more 
aggressive conditions to speed up the corrosion. 

2.1. Corrosion tests 

Various testing procedures have been used to determine the corrosion resistance. These testing methods 
include wet/dry cycling, spraying with salt solution, or accompanying corrosive atmosphere. Methods for such 
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test are described in various standards [5 - 8]. In some cases tests including more than one type of corrosion 
simulation, for example combining salt spraying with artificial atmosphere such as [9], are making the 
simulation closer to the real corrosion situations. 

Results are obtained in reasonable short period, in weeks compared to several decades in case of real 
exposure of objects during lifetime. This gives us advantage to predict performance against corrosion prior to 
its exposition depending on the information on environment. But do the conditions during the simulated 
exposition - accelerated corrosion match the reality? 

2.2. Real situation 

In case of real situation however there are constant conditions and there are conditions variable in time. 
Temperature, humidity, and atmosphere composition would not be constant but most likely will be changing in 
time. The changes may be cyclic given period of time such as change of temperature and humidity during day-
night cycle or during the season change; or incidental such as the change of temperature and humidity due to 
weather front. Other possibilities are changes purely incidental which may not repeat. 

As indicated in papers [1, 2, 9] long term exposure tends be controlled by environment rather the material 
composition. Additional factor is, that the corrosion products formed on the surface act as a corrosion 
protection [10, 11], especially for relatively stable oxides and oxy-hydroxides such as magnetite or goethite. 

3. SAMPLE PREPARATION 

Artificially prepared samples were obtained by two ways: exposure to artificial atmosphere simulating industrial 
pollutants of sulfur dioxide and nitrogen dioxide as dominant atmosphere pollutants during the twentieth 
century, with high relative humidity in the chamber, but without the simulation of rain to prevent the corrosive 
film removal from the surface. It was assumed this would simulate exposure of roof structure - crossbeam, 
except the corrosion speed due to the higher values of pollutant concentrations, temperature and relative 
humidity. The samples at the atmospheric test site were exposed to climatic conditions that are comparable to 
the conditions of long term exposure, but with the periodical cleanup of the corrosive film on the surface due 
to rain. Composition of riveted crossbeam from the roof structure is in the Table 1. 

Table 1 Chemical composition of material (wt. %) 

3.1. Test conditions 

Corrosive atmosphere with gaseous pollutants was simulated in the corrosion chamber with artificial 
atmosphere under controlled conditions. These conditions were as follows: temperature 25 °C, relative 
humidity 75 %, concentration of SO2 0.3 ml / min, concentration of NO2 0.75 ml / min. Two sets of samples 
were used with exposition times 7 days and 14 days. 

Additional samples exposed to outdoor atmosphere under the monitored climatic conditions had been 
controlled by obtaining data from Czech Meteorological Institute collected in the nearby station Kostelni 
Myslova, citizen weather station at Pocatky and finally by weather station at the test site (Telc). Corrosivity 
was estimated using corrosion maps [12, 13], both for test site and the real corrosion problem, using data from 
given geographical location. 

Element C Mn P S Cu Ni Mo V N 

Roof structure 0.044 0.32 0.038 0.084 <0.01 <0.013 <0.005 <0.004 0.002 
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3.2. Real exposure situation 

Samples from long term exposure were obtained during the restoration of Prague main railway station. Sample 
was taken from crossbeam of platform roofing. The material from which the sample was taken was not directly 
exposed to rainfall. The exposure time was approx. 110 years - the platform roofing has been built between 
years 1901 and 1909. 

The crossbeam was initially coated by paint, but the maintenance was insufficient, the only reparation that was 
file on record was during the 1980s and according to the crossbeam surface, at least this particular crossbeam 
was not affected by this restoration. Drainage was not maintained properly and water leaked through the roof. 

4. ANALYSIS 

Analysis of the corrosion products was based on the previous work [14]. For the analysis X-ray Diffraction 
(XRD) and Raman spectroscopy has been used, in the cooperation with the optical 3D microscopy. Although 
the 3D surface reconstruction has its limitations, it is useful method for viewing the surface morphology prior 
to cross sectioning and thus without destroying the sample. 

4.1. Instrumentation 

Corrosion products were analyzed using optical microscope on sample surface and cross section by HIROX 
KH-7700 3D microscope. Phase composition was analyzed by XRD and Raman spectroscopy. 

Phase composition of the bulk was analyzed on Bruker D8 Advance XRD, at: generator settings 40 mA and 
40 kV, tube position line focus, axial soller 250°, slits 0.6 mm, angular range (2ϴ) 5 - 90º, step size 0.01º, 
counting time / step 0.01 s, anode material Cu. 

Phase analysis was done using DXR Raman microscope (Thermo Scientific). Raman spectra were collected 
using 532 nm laser, 20 x lens (N.A 0.40) and high resolution grating (1800 lines mm-1, spectral resolution  
2 cm-1) in the spectral range 1800 - 50 cm-1., The laser power on the sample was set on the lowest possible 
value (0.1 mW), to avoid sample transformation or destruction. 

4.2. Surface analysis 

Surface of corrosion product layers formed on top of roof crossbeam and samples from atmospheric corrosion 
test site showed height difference - caused by localized corrosion (shown in Figure 1). The whole surface is 
covered by corrosion products. On the samples from corrosion chamber the reconstruction did not work 
properly due to the relative flatness of the surface. The height difference in the corrosion products formed was 
below the method detection. 

  

Figure 1 Comparison of the corrosion products surface: 1a atmospheric test site, 1b roof crossbeam 
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Figure 2 Comparison of the corrosion products surface: 2a 14 days exposure, 2b 28 days exposure 

The surface of crossbeam and the coupons from atmospheric test site may be considered comparable. 
Corrosion in artificial atmosphere is visually different. The difference in the results of 14 days and 28 days 
exposure has been observed (shown in Figure 2). This difference suggests the longer exposure time will lead 
to surface fully covered by corrosion products. 

Figure 3 Crossbeam corrosion products: 3a surface reconstruction, 3b cross section 

Different situation is the cross sectioning. Corrosion products formed on samples prepared by artificial ageing 
were not sufficiently voluminous to provide cross section. Only suitable samples for cross sectioning were 
taken from the long term exposure, crossbeam samples (Figure 3). 

Thin metal coupons in combination with short term exposure do not provide usable results for cross sectioning. 
The effect of the longer exposure to accelerated ageing on the possible comparability of corrosion products 
should be further tested. 

4.3. Phase composition 

The phase analysis consisted of two steps. First phase composition of the bulk using XRD and then analyzing 
of the corrosion products using Raman microscopy. Methodology for this investigation was based on previous 
research [14]. 
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Phase analysis of bulk was done by powder XRD, using powdered corrosion products taken from the sample. 
Due to previously mentioned insufficient thickness of the corrosion products formed on the samples from 
chamber and the atmospheric station the Raman microscopy was made only on the samples from the roof 
crossbeam. The phase composition obtained by both methods is shown in the Table 2. 

Table 2 Phase composition of corrosion products 

Presence of wustite in the corrosion product from the crossbeam of roof structure is due to the manufacturing 
process and is not connected to the corrosion mechanism. In all three cases the goethite and lepidocrocite 
has been found. Hematite and maghemite were not found on XRD spectra obtained from atmospheric test site 
and artificial atmosphere samples 

It is questionable whether the absence of magmehite and hematite in the artificial samples is due to different 
corrosion process or there is a small amount of these phases was present but was below detection. As noted 
in the previous chapter, thickness of corrosion products on the surface of samples prepared by accelerated 
ageing was insufficient to prepare cross sections for Raman microscopy. It is possible to estimate corrosion 
resistance, but not analyze corrosion layers formed. The short term corrosion environment simulation does not 
provide comparable results. 

4 CONCLUSION 

 Difference between corrosion products formed in real exposure conditions and simulated artificial 
atmosphere is obvious. The surface from atmospheric test site and real corrosion is visually comparable 

 Accelerated ageing in corrosive atmosphere at given conditions is not sufficient in forming corrosion on 
the surface that is visually comparable to the rest of the samples. It is not possible to simulate results of 
long term corrosion using short term exposure in the corrosion chamber. 

 It is assumed, that the comparable layered structure will be obtained at longer exposure times. However 
it is necessary to further verify this statement. 

 The phase analysis of the bulk for accelerated ageing and real exposure may produce results 
comparable to some point but not identical. Results obtained may be used as preliminary estimation not 
suitable simulation. 
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Abstract  

Work deals with phase formation of eight high entropy alloys of FeCuxCr1-xMnNi type and of three alloys of 
FexCuCrMnNi system with high entropy effect. Predicted compositions of phases using Ni and Cr equivalents 
and by use of valence electron concentration are compared with real finding of presented phases in all 
aforesaid systems. Types of phases were detected by hard X-ray synchrotron micro-diffraction. With increasing 
Cr content in FeCuxCr1-xMnNi system double FCC phases changed into double FCC with BCC phases under 
simultaneously increase of yield stress. In FexCuCrMnNi system with atypical higher Fe content double FCC 
phases were detected with their different volume fractions. With increasing Fe content as a BCC stabilizer a 
rise of yield stress was detected. In both investigated systems, predicted results of formed phases partially 
differed from founded phases using synchrotron.     

Keywords: FeCuxCr1-xMnNi high entropy system, FexCuCrMnNi high entropy system, Ni - Cr equivalents,  
        valence electron concentration, phases composition  

1. INTRODUCTION 

High entropy alloys (HEAs) are formed by five metallic elements minimally and represent a novel alloy design 
concept. By now investigated HEAs had showed unique mechanical properties 1-3, favourable electric and 
magnetic characteristics 2, 3, wear resistance 4 and corrosive properties 5-7. HEAs are suitable both for 
cryogenic conditions and for creep applications 3, 8. Outstanding HEAs properties can be reached thanks a) 
high entropy effect, b) sluggish diffusion, c) possibility of crystallographic lattice torsion and d) HEAs position 
in Ashby´s diagram 9, 10. In HEAs, there are only solid solutions possible. The most frequently are FCC, 
BCC and/or their mixture. The FCC stabilizers are Ni, Co, Mn, Cu, C, N etc. and Cr, Fe, Mo, Si, Nb etc. are 
effective as the BCC stabilizers. According number of elements, their volume fraction and type, resp. their 
atomic radius, and thanks the sluggish diffusion during extremely high cooling rate at manufacturing process 
and mentioned crystallographic lattice torsion, resp. due to the atomic-level strain energy 3 different types of 
phases can be formed. A higher portion of one element can change e.g. FCC structure into mixture of FCC 
and BCC and/or into BCC with quite different properties. To predict the changes in microstructure in HEAs, 
resp. to estimate type of phases, Ni and Cr equivalents (Nieq and Creq) are often used, similar like in stainless 
steels 11. The higher the Nieq, the easier it is to obtain FCC structure. Conversely, the higher the Creq, the 
easier it is to form BCC structure. Ren et al 11 effectively modified aforesaid equivalents. Guo et al. 12 
suggested using the valence electron concentration (VEC) to predict the FCC and BCC solid solution 
structures of HEAs. He worked with AlxCr Cu FeNi2 alloys and summarized the relationship between VEC and 
structure as follows: for FCC, VEC is higher than 8, for BCC the VEC is lower than 6.8 and between the both 
boundaries mixture of FCC and BCC should be detected.  

Presented work is aimed at prediction of phase type formed after casting in FeCr1-xCuxMnNi HEAs and 
especially in atypical FeXCrCuMnNi alloy types with higher Fe contents representing cheaper variants of 
materials with high entropy effect. Results are compared with really found phase types using a hard 
synchrotron X-ray diffraction.  
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Table 1 Investigated alloys with high entropy effect and detected phases using XDR 

   A   FeCu1.75Cr0.25MnNi   B   FeCu1.5Cr0.5MnNi   C   FeCu1.25Cr0.75MnNi   D   FeCuCrMnNi   

phase      FCC1+FCC2      FCC1+FCC2      FCC1+FCC2+BCC       FCC1+FCC2+BCC 

alloy  E   FeCu0.75Cr1.25MnNi   F   FeCu0.5Cr1.5MnNi  G   FeCu0.25Cr1.75MnNi   H   FeCuCr2MnNi   

phase       FCC1+FCC2+BCC      FCC1+FCC2+BCC      FCC1+FCC2+BCC       FCC+BCC 

alloy  CH   Fe2.5CuCrMnNi   I   Fe3CuCrMnNi   J   Fe3.5CuCrMnNi     

phase         FCC1+FCC2      FCC1+FCC2      FCC1+FCC2 

2. EXPERIMENTAL  

For evaluation eight HEAs of FeCuxCr1-xMnNi type (named A up to H) were used which were laboratory 
manufactured and analyzed using hard X-ray micro-diffraction (XRD) as was presented in work 13 and three 
alloys with high entropy effect of FexCuCrMnNi type (named CH, I, J) which are summarized in Table 1 with 
analyzed phases types. All HEAs were synthesized by vacuum arc-melting method in Compact Arc Melter 
MAM-1 (Figure 2 left). Preparation of ingots was carried out in argon at temperature up to 3 500 °C and 
followed by suction casting of a melt to cooled Cu mould. Samples in form of ingots of 3 mm diameter and 35 
mm in length were made. During all process, vacuum was necessary to generate several times by assisted 
rotary pump (at 5.10-2 mbar). For the production of any ingot, not only critical parameter of vacuum level is 
important, but in particular the temperature of the melting, at which the melt is cast. Standard weight was 
approximately 2 - 3 g. Further, ingots were cut to rolls with dimensions of 6 (length) x 3 mm. Manufactured 
samples were put to tensile test. Tensile tests for two samples of each alloy (200 KN Zwick-Extensometer) at 
ambient temperature (in the beginning testing rate corresponded to 0.083 mm / s, from R(v) 0.017 mm / s), 
micro-hardness HV0.5 (LECO 2000) over each sample in transverse section. To determine phase composition 
and microstructure parameters of studied alloys a hard X-ray diffraction experiment was performed at beamline 
P07 at PETRA III (electron storage ring operating at energy of 6 GeV with beam current of 100 mA). During 
the experiment, monochromatic synchrotron radiation of energy 99.5 keV ( = 0.012587 nm) was used. 
Measurements were carried out in transmission mode, when the samples were illuminated for 7.5 s by well 
collimated incident beam of 0.5 mm x 0.5 mm cross-section and the XRD patterns were recorded using a 2D 
detector (Perkin Elmer 1621). The collected 2D XRD data were then integrated into 2 Theta space by use of 
Fit2D software 14. Sample detector distance, detector orthogonality with respect to the incoming radiation as 
well as precise radiation energy was determined by fitting a standard reference LasB6 (NIST SRM 660a) 
sample. Other information concerning synchrotron application is accessible in paper 14. Results from 
synchrotron were compared with predicted data found using Ni equivalent (Nieq), Cr equivalent (Creq) presented 
in modified form in works 3, 11 and valence electron concentration (VEC) according Guo´s concept 10.  

3. RESULTS AND THEIR ANALYSIS 

Records (XRD patterns) of presented phases in FeCu1-xCrxMnNi HEA (named A up to H) were former reported 
in paper 13 and are shortly summarized in Table 1 and Figure 1. Detected phases using synchrotron 
radiation in the investigated FexCuCrMnNi system (alloys named CH, I, J) complete above mentioned table 
and separately can be seen in Figures 2, 3. With exception of HEAs A and B, which are on the base of double 
FCC, phase all other alloys showed mixture phases of FCC1, FCC2 and BCC type (alloy C up to G), resp. one 
FCC with BCC (alloy H).  
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Figure 1 XRD patterns of FeCu1-xCrxMnNi (named A up to H)   

 

Figure 2 XRD patterns o Fe2.5CuCrMnNi (CH) and Fe3CuCrMnNi (I) steels 

  

Figure 3 XRD pattern of Fe3.5CuCrMnNi (J) steels 

With increasing Cr content to the exclusion of Cu portion BCC phase was increasing being in accord with Cr 
stabilizer 3. In Fe2.5CrCuMnNi alloy major FCC1 phase had lattice parameter a = 0.3606 nm, while in the 
second minor FCC2 it was 0.3677 nm. Volume fractions of the FCC1 and FCC2 phases occupied approximately 
83 % and 17 %, respectively (percentages determined by the Rietveld refinement method 14). In the 
Fe3CrCuMnNi lattice parameter of the FCC1 phase corresponded to 0.36 nm (94 vol. %) and of the other minor 
FCC2 phase to 0.3679 nm (6 vol. %), while in Fe3.5CuCrMnNi dominating phase FCC1 represented 96 vol. % 
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with lattice parameter a = 0.36 nm, minority phase FCC2 was detected in 4 % and lattice parameter a = 0.3677 
nm. With increasing Fe content FCC1 phase portion was going up to the exclusion of FCC2 phase. With 
changes of FCC phase portions and/or formation of the BBC structure, differences in their basic mechanical 
properties are obvious. With increasing Cr portion to the exclusion of Cu in FeCu1-xCrxMnNi system, yield 
stress (YS) in pressure shows increasing tendency as it from Figure 4 follows. Practically none differences 
between samples tested at ambient and cryogenic temperature were observed. In FexCrCuMnNi system 
increasing Fe content shows similar trend as it from Figure 5 follows, even when YS was tested in tensile.  

        
        Figure 4 Changes of yield stress (YS), resp. phases          Figure 5 Changes of yield stress (YS), resp.  
                          in dependence on Cr content                                   phases in dependence on Fe content    

When in the HEAs is a higher portion of BCC stabilizers and elements showing greater atomic radius the more 
torsion and stress of lattices can be awaited, later leading to change of structure composition and increase of 
strength 3. Transitions from FCC structure into mixture FCC with BCC and/or to BCC are associated with 
steep strength increase as it was demonstrated e.g. by Yeh et al and Kao et al 4, 15. In FeCuxCr1-xMnNi 
HEAs BBC structure appeared when Cr content amounted to 15 at. %. In case the Cr content was on the level 
of 35 at. % increase of yield stress by 758 MPa (at ambient temperature) and/or by 725 MPA (at cryogenic 
temperature) was registered, representing 245 % and/or 183 % growth. Phase composition of FeCuCr2MnNi 
HEA (showing 40 at. % of Cr - alloy H) resulted in one FCC and BCC phases. The other 5 at % increase of Cr 
in given HEA in comparison with the HEA G represented further growth of yield stress approximately by 43 %, 
resp. 42 % for cryogenic temperature. On the contrary, according Ostroushko et al 13, double portion of Cu 
(Cu amounted to 40 at. %) FeCu2CrMnNi resulted in double FCC phases only, because FCC stabilizers were 
in majority. In the other investigated system, between alloys CH and I (by 4.4 at. % higher Fe content) was 
recorded 26 % increase in yield stress. In alloy J higher Fe portion by 8.2 at. % resulted in 0.5 % (insignificant) 
yield stress increase. Results of prediction of formed phasas in alloys showing high entropy effect using Nieq 
and Creq 3, 11 and by use of VEC according to concepts described in works 3, 10 are summarized in Figures 
6, 7. Results of the first way of phase determination named A and B showed double FCC structure only, while 
the rest of nine alloys named C, D, E, F, G, H and CH, I, J were associated with FCC and BCC in different 
portions. In case of the second way (VEC) of phase prediction not only alloys A and B, however C, D, CH, I 
and J should be formed by double FCC and/or by one FCC (case of H HEA) only. In comparison with results 
from synchrotron the founded disproportions are distingushed by red colour in proper points as it can be seen 
from Figures 6 and 7. According to VEC alloys C and D are lying close the transition boundary FCC / mixed 
FCC + BCC and represent typical HEAs unlike the alloys CH, I, J having atypical higher Fe contents and in 
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spite of it show high entropy effect. Presented iron represents the largest disparity between HEA and FCC-Fe 
migration activation energy and it could be one of the reason of observed differences between predicted and 
real results. 

 
 Figure 6 Predicted phases in investigated two systems         Figure 7 Predicted phases in investigated two 
                            by use of Nieq and Creq                                                      systems by use of VEC 

Regarding comparison of predicted phases and those really detected, Yeh et al 8 and Guo et al 10 have 
admitted overlapping of predicted regions and revealed reality. Discrepancies in some properties of HEAs 
were also detected by Tsai et al 16 and Middleburgh 17 who ascribed these findings to sluggish diffusion 
in HEAs, lower lattice potential energy, to a combination of effect including magnetic properties, frustrated 
lattice and consequence of the change in Fe behaviour from low temperature ferrite to high temperature 
austenite. Generally, Fe shows the largest disparity between HEA and FCC-Fe migration activation energy.   

4. CONCLUSION 

Work deals with prediction of eight high entropy alloys of FeCuxCr1-xMnNi type and of three alloys of 
FexCuCrMnNi system showing high entropy effect. From hard X-ray diffraction experiment performed using 
synchrotron HEAs of the first mentioned type with maximal 10 at. % of Cr showed double FCC phases, while 
HEAs with increasing Cr contents were formed beside double FCC phases and/or one FCC phase (in case of 
FeCuCr2MnNi) by BCC phase. All alloys of the FexCuCrMnNi type (38.5, 42.9 and 46.7 at. % of Fe) revealed 
double FCC phases. Predicted phases types using Ni and Cr equivalents showed conformity with reality for 
all HEAs of FeCuxCr1-xMnNi type, while for all investigated set of FexCuCrMnNi alloys discrepancies were 
detected. By use of valence electron concentration (VEC) predicted phases of these FexCuCrMnNi alloys 
corresponded to reality unlike alloys of FeCu1.25Cr0.75MnNi and FeCuCrMnNi type which should be formed 
according to VEC by FCC phase only. In case of the first system type the disproportions appeared just on the 
transition of the FCC into FCC and BCC and so the mathematical approach could not be quite perfect. 
Regarding the FexCuCrMnNi alloys, those showed higher Fe contents than is current for HEAs. Iron represents 
the largest disparity between HEA and FCC-Fe migration activation energy and it could be main reason of 
observed differences between predicted and real results. 
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Abstract 

Steels in the cooling water circuits are most vulnerable to localized corrosion, crevice corrosion or deposit 
corrosion, intergranular corrosion. Austenitic steels excel in their resistance to corrosive environments. In case 
of use of the tubes in the cooling circuits is necessary to connect them by welding. Welding of austenitic steel 
is not the easy process in the field of welding. Place of weld joint then becomes a critical place for mechanical 
properties, but also for corrosion resistance. For application of invoking of stress corrosion cracking have been 
selected tubular bodies of the most commonly used steels EN 1.4541 and 1.4571. On these transverse welded 
tubes were manufactured artificial defects by (EDM) method. For the tests were used modified welds with 
artificial defect and without it. These defects were intended to localize of future damage. The thus prepared 
samples were exposed in corrosive environments. To induce stress corrosion cracking for tubular bodies from 
austenitic steels was used method of exposure in the melt MgCl2.6H2O [1]. It is known that method for 
austenitic high alloy steels, is very sensitive to the presence of local areas and under the influence of tensile 
stress (and residual stress). Modeling of conditions for crack initiation corrosive damage help to determine how 
the weld joint behaves in aggressive environment exposure. These knowledges help to prevent accidents. Of 
course is possible take into account the resulting knowledge in the design and life prediction of cooling water 
circuits. 

Keywords: Stress corrosion cracking, austenitic steel, the corrosive environment, weld joint, heat-affected  
                   zone 

1. INTRODUCTION  

The aim of this paper is to describe the possibility of simulating corrosion cracking in the heat-affected cross-
welding zone of stainless steel tubular bodies. The austenitic stainless steel grade of EN 1.4541 and EN 1.4571 
is a material widely used in industry for its environmental resistance. Due to the need to bond this material to 
the welding process, there is an area with reduced corrosion resistance. The formation of this concentrator 
and the effect of corrosive environments can cause cracks and final break. The heat-affected zone plays a 
major role, which has reduced corrosion resistance resulting from local chromium depletion of the steel and a 
relatively high level of residual stresses. The existence of continuous active pathways in steel and the presence 
of tension provoke cracking [2, 3].  

The research in this article focuses on the assessment of the state of corrosion-resistant stainless steel tubes 
after exposure to corrosion environment. The simulation of corrosion exposure and subsequent defects 
analysis has a great practical benefit in industrial use. The outputs can help optimize the welding process of 
stainless steels and "production" of natural defects for testing non-destructive methods of detecting steel 
surface defects. 
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2. MATERIAL AND AND EXPERIMENTAL METHODS 

For the analysis were used tubular bodies of steels EN 1.4541 and EN 1.4571 with transverse weld. 
Longitudinal cuts of pipes are shown in Figure 1. Specimen numbers 2, 7, 14 and 18 identified the individual 
tubular bodies. Table 1 shows the basic dimensions of the tubes and the dimensions of artificially created 
defects. Artificial defects were created by electrical discharge machining. 

 
Figure 1 Tubular bodies after longitudinal cutting 

Table 1 Tubular bodies for modeling the initiation of corrosion defects 

Designation 
Pipe dimension 

[mm] 

Artificial defect dimension 

[mm] 

Depth Length 

2 18.0 0.5 3.0 

7 26.8 0.5 3.0 

14 33.7 0.5 7.0 

18 38.0 0.5 10.0 

For specimens 2, 7, 14, 18 were performed complete analysis of chemical composition of pipes and local 
analysis of basic material and weld metal. The analysis verified that the tubular bodies were made from 
stabilized steels corresponding to the quality of EN 1.4541 (No. 2 and 7) and EN 1.4571 (No. 14, 18). The 
chemical composition is shown below in Table 2. 

Table 2 Chemical composition 

Specimen 
Element wt. % 

C Si Mn P S Cr Ni Mo Al Cu Co Ti Nb V W 

2 0.049 0.54 1.37 0.041 0.015 18.1 9.2 0.16 0.037 0.25 0.18 0.33 <0.004 0.12 0.011 

7 0.053 0.45 0.71 0.042 0.017 17.7 9.42 0.13 0.048 0.17 0.19 0.36 <0.004 0.085 0.012 

14 0.081 0.31 0.94 0.051 0.018 17.3 11 2.1 0.041 0.27 0.29 0.34 0.044 0.086 0.059 

18 0.069 0.41 1.2 0.051 0.016 17.3 10.9 2 0.083 0.26 0.12 0.53 0.01 0.06 0.086 
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The steel pipe No. 14 was found to have a slightly reduced stabilization ratio, but it did not reflect the reduced 
resistance to intergranular corrosion of steel in HAZ [4, 5, 6]. In the steel pipes No. 14 and 18, was found 
slightly increased content of phosphorus. 

To produce corrosion cracks in tubular bodies made of austenitic steel was used method of exposure in melt 
of MgCl2.6H2O [1, 7]. It is known that this method for high alloy austenitic steel is very sensitive to the presence 
of steel areas under the influence of tensile stresses (and residual). It was used for the tests the modified welds 
with artificial defects and without. Due to the impossibility of adjusting the cross-section of the test pieces with 
artificial defect in a suitable manner. The maximum tension was induced on the inner surface of the pipe by 
bending in the area of the notch - artificial defect, only for the tubular cutout No. 2 and 18 mm. The stress state 
was caused by static 4-point bending. Before the exposure, was performed a capillary test. Except to artificial 
defects, no indication was on surface found. Subsequently was performed exposure into the melt of 
MgCl2.6H2O. The total exposure time was 504 h (above 120 ° C), of which 336 h (above 145 ° C). The main 
objective of the experiment was to facilitate the initiation of cracks on pre-made primary defects  
[8 -10]. 

After exposure were founded cracks on both the inner and outer surfaces of the pipe, both in the heat-affected 
area of the weld-joint and on its free surface. At the specimen No. 2, which was stressed during the exposure 
by a four-point bend was founded cracks through the body (Figure 2d)). Detected defects are shown in the 
Figures 2 a) -d). 

    

Figure 2 Appearance of inner surface of tubular bodies with detected defects 

3. ANALYSIS AND RESULTS 

For the macroscopic control of artificially created defects in the longitudinal direction, were specimens mounted 
into transparent matter. Subsequently, they were polished to half the width of the artificial defect. Macroscopic 
image documentation was obtained with a digital SLR camera with a macro lens. The scale in the photographs 
has a 0.5 mm divide. Measurements were made using the image analysis software. The overview of the 
obtained results is apparent from the data given, Table 1, Figure 4. All of the primary defects have been found 
to initiate the corrosion induced cracks, these were found on the free surface in the transverse direction and 
along the longitudinal direction. Both materials differ in their resistance to passivity due to activated Cl- 
particles, but this did not occur in the strongly concentrated solution / melt of MgCl2  
[ 1, 12, 13].  

A larger deviation from the intent is evident in the defect in the specimen 2, which was due to its location to 
the weld, so that the root of the weld already interfered, Figures 3c, d). 

For the defect in the body No. 14, the defect was produced about 2 times greater than the intention. Specimen 
18V showed the development of corrosion defects from the bottom of the artificial defect,  
Figure 7d). In the more detailed evaluation were found cracks initiated from the bottom of the artificial defects 
in all the bodies, Figures 4 - 7. 

a) d) c) d) 
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Figure 3 Appearance of the inner surface of tubular bodies with detected defects (cross-section of defects) 

The metallographic documentation below shows cracks in the field of artificial defects. The metallographic 
images were obtained by standard, grinding and polishing followed by etching in V2 etchant. 

  
Figure 4 Specimen 2V Figure 5 Specimen 7V 

  
Figure 6 Specimen 14V Figure 7 Specimen 18V 

a) Specimen 2V b) Specimen 7V 

c) Specimen 14V d) Specimen 18V 
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The following metallographic image (Figure 8) shows the formation of a corrosion crack in the 18V sample. 
This cutout is transverse to the weld compared to Figure 7. It is to be note that the crack is positioned in the 
heat-affected zone of the transverse weld of the tubular body. 

 
Figure 8 Crack in the HAZ area (specimen 18V) 

4. DISCUSSION 

The tube welding steels were made of austenitic stainless steel grades Cr18Ni10Ti and Cr18Ni10Mo2Ti (EN 
1.4541 and 1.4571). In the conditions of expected application (cooling water circuit and primary circuit), these 
steels are located in areas where the criteria for the selection of corrosion-resistant and transition materials 
(temperature (200-350 °C) are to be applied, the criteria applicable to high [11]. In the different application 
areas of high-alloy steels, their long lifetime is conditioned by the presence of an oxidative barrier on their 
surface. Various mechanisms of formation of the oxidative barrier (on stainless steels is a passive layer, by 
the high-alloyed steels passes a passive layer to high temperature oxide) cause the state of the surface of the 
steel. On this surface, which is formed protective layer is manifested different way on the resulting durability 
of the material, ie its long-term stability under the operating conditions. The process used is also suitable as a 
"production" method for the verification of non-destructive techniques for detecting surface defects [10, 11]. 

5. CONCLUSION 

When assessing the size of artificial defects, there was a greater divergence of the established facts from the 
intention. There was in the pipe No. 2 due to its location to the weld dimension and position. For the defect in 
the specimen No. 14, the defect was produced about 2 times greater than the intention. For the specimen No. 
18 was the development of corrosion damage from the bottom of the artificial defect, Figure 7. A closer 
evaluation was observed crack initiated from the bottom of the artificial defects in all specimens, Figure 4 
through Figure 7. Larger cracks network originated in the heat-affected area at places with the highest residual 
stresses. Corrosion cracks also have a transgranular character in the initiation region. For cooling water  
(t <60 ° C), EN 1.4541 steel is less suitable than EN 1.4571 for higher risk of localized corrosion. This 
disproportion is more pronounced in the case of defects of welded joints communicating with the surface and 
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unresolved / non-removable accompanying welding phenomena leading to deterioration of the physical and 
chemical surface conditions [4, 13]. 

The procedure can be used is also suitable as a standard and method for the verification of non-destructive 
techniques for detecting surface defects. 
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Abstract  

Using pulsed current at manual metal arc welding represents a new research idea perspective and provocative 
for major manufacturers of welding equipment. The concept is based on the ability to control the volume of 
welding pool at low frequencies of the pulses, below 5 Hz. 

Experimental research underlines the beneficial influence of pulsed current welding on weld geometry for butt 
joints. Also the technological particularities of the process are highlighted and the use of two welding 
techniques depending on the frequency of pulses in terms of how the welding of the root layer is done 
compared with standard welding: 

 at low frequencies below 2 Hz welding is performed intermittently, electrode oscillation frequency has 
the frequency of the pulses, during the pulse time the welding arc is of the flanks on the joint, and during 
the basic time of the pulsed the welding arc moving from one flank on the joint to other; This technique 
ensures safe melting of the flanks on one side, and on the other side avoid penetration root layer; 

 at frequencies above 2 Hz welding root is done without oscillation electrode, with support the electrode 
on the flanks of the joint, root is safe and uniform without excessive penetration; but it requires the right 
choice of the opening joint. 

The results confirm that manual metal arc welding with pulsed current is feasible and technological beneficial 
effects can be obtained. It requires the expansion and diversification of research for a more complete 
assessment. 

Keywords: Pulsed TIG welding, pulsed MMA welding, operating mod, butt weld, pulsed equipment STEL 

1. INTRODUCTION 

The use of pulsed current in shielding gases environment has been for a long time an attractive option for 
achieving technologically and qualitatively efficient welding due to the advantages the process offers, 
especially in terms of controlling the transfer mode and the energy input into the components [1]. However, 
the use of pulsed current in manual welding with a coated electrode has not been targeted by large welding 
equipment manufacturers because it has not been perceived to have potential technological advantages, given 
the major differences in process compared to welding in shielding gases 

The idea of first-time use of low-frequency pulse current at manual welding with coated electrode belongs to 
the company STEL which implemented this technical solution on some of its welding sources for manual 
welding with coated electrode, the frequency variation of the welding current being limited at 5 Hz [2]. The idea 
is based on the theoretical aspects of controlling the volume of the welding pool at low frequencies. The 
company EWM has now expanded the idea, expanding the frequency range up to 500 Hz for the purpose of 
controlling pulse frequency and the way to transfer molten metal droplets [3]. 

The experimental researches have revealed the influence of the pulsed current welding and the impulse 
frequency influence on weld geometry for welded butt joints. At the same time, the technological features of 
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the process and the use of two welding techniques according to pulse frequency are emphasized with regard 
to the operation mode when welding the root layer of the welded joint compared to standard welding. The 
application highlights the beneficial effect of the pulsed current on the making of welded butt joints, especially 
in terms of the control of penetration when welding root layer. 

2. BASICS OF WELDING WITH COATED ELECTRODE IN PULSED CURRENT 

The idea of using pulsed current for manual metal arc welding with a coated electrode starts from the 
observation of the influence of frequency, as shown by the TIG manual welding with addition material, on the 
volume of the welding pool by partial solidification of the welding pool at base time, thus controlling its volume. 
This leads us to the conclusion that the use of pulsed current in manual welding with coated electrode is 
feasible or interesting only in the low frequency range i.e. below 10 Hz, as we will be present below. 

Viewed as a whole, due to the partial solidification of the welding pool, its volume is lower than that of the 
constant current welding and therefore the bath can be controlled more easily. However, thanks to the high 
impulse current, a sufficient penetration is ensured [4]. 

Meeting the aforementioned prerequisites is possible only if a sufficiently large temperature difference of the 
welding pool is obtained between the pulsed current phase and base current phase. This is only possible if the 
pulse frequency is less than 6 Hz, see Figure 1 below [5]. 

 
Figure 1 Influence of the frequency on the temperature of the welding pool 

Among the main advantages of pulsed welding with coated electrode it is worth mentioning the following [6]: a 
better stability of the electric arc (especially for small welding currents), the possibility of using larger electrode 
diameters for the welding of thin sheets, respectively the use of lower average welding currents at the same 
electrode diameter while maintaining electric arc stability as in conventional welding, reducing the risk of 
breakage in welding of thin plates (low current densities), a better control of arc transfer at certain frequencies, 
a control of the linear energy input into the welded parts, a friendly operation by the welder, obtaining an outer 
surface of the welded part with smooth and regular layers of bed (finer or thicker depending on the pulse 
frequency) similar to the TIG welding; especially in the case of “high-frequency” welding i.e. 4 - 5 Hz, the 
welding becomes aesthetic with smooth and regular layers of bed and provides a better and secure bonding 
bridge for variable or joints with variable opening (see circumferential welding of large diameters), reliable and 
easier penetration in the case of welded butt joints with one side penetration, and an ideally suited to vertical 
downward welding of pipes using cellulosic electrodes. 
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3. PRESENTATION OF THE PULSED CURRENT WELDING SOURCE 

The MAX dp-201C (STEL) inverter source allows both welding with coated electrode (MMA) and the TIG 
welding, and is also suitable for manual welding with cellulosic electrodes. As regards the characteristics of 
the pulsed current in manual welding with coated electrode (MMA) we mention as follows [2]: 

 Pulse frequency: 0.4 - 5 Hz, continuously adjustable, 
 Maximum pulsed current: 200 A, continuously adjustable, 
 Base current: 50 % of the pulsed current (it results from the pulsed current - and it cannot be adjusted 

independently; for instance: for Ip = 100 A it results Ib = 50 A); 
 Cycle time tc = 1 / f = 2 ... 0.2 s (it changes as frequency alters); 
 Pulse time tp equal to the base time tb: tp = tb = (1/2) .f: f = 0.5 Hz: tp = tb =  1s; f =    5 Hz: tp = tb = 0.1s; 
 Average welding current: Im = (Ip.tp + Ib.xtb / f = (Ip + Ib) / 2;  (See example above Im = 75 A) 

4. INFLUENCE OF PULSED CURRENT WELDING ON WELDING GEOMETRY AT WELDED BUTT 
JOINTS 

Experimental research aimed at highlighting pulsed current welding and impulse frequency over the external 
appearance and welding geometry for welded butt joints respectively, and mainly on root penetration.  

Research was performed under the following welding conditions: 

 Base material: S235J2 - SR EN 10025/2009; 
 Thickness of material: 6 mm; 10 mm; 
 Type of joint: butt welded with Y joint; 
 Electrode type: AWS: E7018; 
 Diameter of electrode: 3.25 mm; 
 Welding mode: 

o Standard: welding current: Is = 100A 
o using pulsed current: 

 medium welding current: Ism = 100A: (Ip = 134 A;: Ib = 67 A); 
 pulse frequency: 1 Hz; 2 Hz; 3 Hz; 4 Hz; 5 Hz; 
 Welding speed: vs = 15 - 16 cm / min = const. 

Also, one aims for keeping the main welding parameters constant i.e. the welding current and speed, in all 
cases for the most accurate and objective indication of the influence of the frequency of welding pulses as 
against standard welding. 

4.1. Influence of the pulse frequency on the root penetration 

The research was performed on butt welds with component thickness of 6 mm, respectively with a joint in Y: 
α = 60°; b = 3 mm; c = 2 mm. See Figure 2 below. 

 

Figure 2 Shape and joint dimensions 
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The appearance of the outer surface of the welds, respectively the appearance at the root for the 6 butt welds 
(1 standard weld with Is = ct., respectively 5 welds with variable frequencies and Ism = ct.) are shown in 
Figures 3a and 3b below 

  
a.                                                                    b.  

Figure 3 Appearance of the welding surface: a. on the outside; b. to the root 

From the analysis carried out on welds some interesting issues emerge and they are synthesized as follows: 
the welding using the frequency of 0 Hz and 1 Hz respectively was done with the swinging electrode. The way 
of swinging differed in the two welding modes, namely: for the standard welding (f = 0 Hz) the swinging was 
continuously carried out with a certain frequency imposed by the welding pool control and the penetration, 
while for the pulsed current welding with f = 1 Hz, the winging was intermittent due to the periodic variation of 
the current between the two limits i.e. pulsed current - basis current. On the pulsed current phase, the electric 
arc was maintained on the flanks of the joint for their safe melting, and on the phase of base current the 
swinging of the electrode was from one flank to the other, which prevented danger of breakage. At frequencies 
of 2 Hz, 3 Hz, 4 Hz, and 5 Hz respectively, the welding was done without swinging, keeping the electrode in 
the joint axis in contact with its flanks. It is therefore proposed a second pulse welding technique at frequencies 
> 2 Hz, namely non-swinging welding with the electrode support on the so-called sink arc. This technique 
requires the choice of the welding joint opening with great care, which should be narrower than in the case of 
standard welding with swinging, and the choice of some technological measures to avoid welding joint closure. 
The root thus obtained is good, safe and uniform. Moreover, sink arc welding ensures a very good protection 
of droplets transfer through the arc column, and reduces welding splashes very much. 

Therefore, pulsed current welding determines two welding techniques in the joint, and the root, namely: 

 At low frequencies range i.e. < 2 Hz, the welding is intermittent, with the swinging electrode at a 
frequency equal to the pulse frequency, and during pulse phase the arc is supported on the flanks of 
the joint, while during the base time it moves from one flank to another; this technique ensures, on the 
one hand, the safe melting of the joint flanks and on the other hand the avoidance of root penetration; 

 At higher frequencies range i.e. > 2 Hz, the welding at the root is done without the electrode swinging 
by supporting the electrode on the flanks of the joint, the so-called sink arc; the root is very good, secure, 
uniform and undamaged; it requires though a correct choice of the opening of the joint and avoiding its 
change during welding. 

4.2. Influence of joint geometry on pulsed current welding 

Based on the interesting results obtained so far, the research continued with the making of some welded butt 
joints with different joint dimensions at the root layer.  

In this sense, two samples with different dimensions of the joint were prepared and welded as follows: 

a) Butt welding with joint in Y: α = 60⁰; b = 2 mm; c = 1.5 mm; s = 10 mm; f = 5Hz; 

b) Butt welding with joint in Y: α = 60⁰; b = 3mm; c = 2.0mm; s = 10mm; f= 1Hz. 
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The pulse current parameters in the two situations were as follows: Pulsed current: Ip = 134 A; Base current: 
Ib = 67 A; Average current: Ism = 100 A. 

Figure 4 below shows the appearance of the welding on the outer surface and at the root level for case "a" at 
a pulse frequency f = 5 Hz; 

    

Figure 4 Aspect of welding for Ism = 100 A and f = 5 Hz 

In this case it is obvious that the technique used as welding operation method the root layer was one without 
swinging the electrode, with its support on the flanks of the joint. The surface of the weld is uniform and smooth, 
with a low level of splashes and small splashes. It is worth noting the good and uniform penetration of the weld 
to the root using this welding technique and the effect of using 5 Hz pulse current which gives the welder a 
good control of the welding pool. This is also confirmed by the macroscopic appearance of the weld, see 
Figure 5 below. 

 

Figure 5 Macroscopic appearance of welding 

     

Figure 6 Aspect of welding for Ism = 100 A and f = 1 Hz 

Figure 6 below shows the appearance of the weld at the outer surface, respectively at the root, for the case 
"b", at a pulse frequency f = 1 Hz. This time, from the analysis of the joint dimensions used, it is obvious that 
the operational welding technique used for welding the root layer was the continuous swinging of the electrode 
without supporting the electrode on the flanks of the joint, as in the previous case. The surface of the weld is 
uniform and smooth, with a higher level of splashes and larger sprays. It is noteworthy a better and uniform 
penetration of the weld at the root using this welding technique, mainly as a result of greater joint opening and 
electrode swinging. Penetration of the electrode favours greater and safer penetration at the root. This is also 
confirmed by the macroscopic aspect of the weld, see Figure 7 below. 
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Figure 7 Macroscopic appearance of welding 

The weld is slightly concave and a tendency of the left-side flange slotting is seen as a result of a longer arc 
used for welding. 

5. CONCLUSIONS 

 Control of the metal bath in pulsed low-frequency current welding is obvious; 
 Partial solidification of the metal bath during the base current is manifested by the formation on the outer 

surface of welds of symmetrical and regular layers of bed; 
 Pulsed current welding determines two welding techniques in the joint, respectively for the root layer: at 

low frequencies i.e. < 2Hz the welding is intermittently made by swinging the electrode at a frequency 
equal to the frequency of pulses and stopping on the flanks of the joint; at higher frequencies i.e. < 2Hz, 
root welding is done without swinging the electrode by supporting the electrode on the flanks of the joint 
i.e. the so-called sink arc; 

 At the same average welding current there is a penetration improvement as a result of pulsed current; 
 Welding penetration is safer and better for welding in pulsed current and is explicable by the high level 

of pulsed current; 
 Psychological effect on welder is positive in terms of feeling of better control over the metal bath confers 

comfort and greater confidence of the welder; 
 Manual welding with coated electrode in pulsed current is feasible and beneficial effects can be 

obtained. 
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Abstract 

This research is concerned with the effect of titanium in the range 0.01 to 0.13 wt. % on the base plate and 
weldability properties of laboratory hot-rolled cold-formable steels with yield strengths in the range 500 - 900 
MPa (S500MC - S900MC). Different strength levels were achieved by varying the contents of boron, chromium, 
molybdenum and manganese. For the base metal, titanium had a small strengthening effect and it also raised 
the impact transition temperature. In MAG welding (t8/5 = 5 s), titanium had a strengthening effect probably due 
to precipitation strengthening which was seen both in the strength of the welded steels and in the lower 
hardness difference between the base metal and the HAZ. Titanium, especially with higher concentrations, 
had a clear negative effect on the impact toughness of the fusion line and a somewhat smaller negative effect 
on the impact toughness of the fusion line + 1 mm position. This was probably due to the presence of large 
angular TiN inclusions promoting cleavage crack nucleation. Also unlike small TiN particles precipitated from 
the solid state, these inclusions are ineffective in preventing austenite grain coarsening in the coarse-grained 
HAZ (CGHAZ). Overall, high titanium contents have been shown to have a detrimental effect on HAZ 
properties: although titanium reduces the softening of the HAZ experienced in these types of steels, it has a 
clear negative effect on the HAZ impact toughness with low heat input. 

Keywords: High strength steel, weldability, HAZ, titanium, Ti/N ratio 

1. INTRODUCTION 

In this research the effect of titanium on the weldability of thermomechanically rolled high-strength cold-
formable steels has been investigated. High concentrations of titanium have usually been used in the 
production of these steels due to titanium carbide precipitation hardening associated with strip is coiling at 
about 600 °C. According to previous research [1-6], high concentrations of titanium can deteriorate the 
toughness of the HAZ due to high Ti/N ratios causing the formation of large angular TiN inclusions that promote 
cleavage crack nucleation. These inclusions, unlike TiN precipitates, are also ineffective in preventing 
austenite grain coarsening in the CGHAZ, which is also detrimental to HAZ toughness and fatigue properties. 
However, titanium has a strengthening effect by promoting upper bainite at the fusion line and in the CGHAZ, 
especially with low heat inputs. This is beneficial when matching welds are required especially in the case of 
the lean thermos-mechanically rolled and direct quenched steels that have been studied here. Therefore, the 
purpose of the present work was to study the effects of different concentrations of titanium in hot-rolled cold-
formable direct quenched steels with the aim of being able to find an optimum balance between the beneficial 
effects of titanium on strength and the detrimental effects on HAZ toughness. The yield strength range 
concerned was 500 - 900 MPa. 11 different experimental steels having different contents of titanium, boron, 
chromium, molybdenum and manganese were MAG welded with a 5 s t8/5 cooling time and the mechanical 
properties and microstructures of the welds were determined. 
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2. EXPERIMENTAL 

2.1. Investigated steels 

The chemical compositions of the 11 laboratory vacuum castings are given in Table 1. The titanium contents 
are in the range 0.01 to 0.13 wt. %. In addition the contents of boron, chromium, molybdenum and manganese 
were varied to reveal the effect of titanium in base metals with different strength levels. All the steels form 
comparable couples with each other to reveal the effects of different combinations of titanium and other alloying 
elements. The last three steels in Table 1 are additional steels from the Master’s thesis of Lahtinen [7]. They 
are all low-titanium compositions for general comparison.  

The cast slabs (55 x 300 x 450) mm were cut into (55 mm thick x 75 x 150) mm blocks and heated for two 
hours to 1200 °C. Six rolling passes with final rolling temperature of 850 °C were used to roll the blocks to the 
final thickness of 8 mm followed by immediate submerging in a water tank to simulate direct quenching. 

Table 1 Chemical compositions of the experimental steels (in wt. %) 

Steel C Si Mn Al Nb Mo Cr Ti B N 

0.5CrB 0.07 0.2 1.3 0.04 0.08 0 0.5 0 0.0030 0.004 

0.5Cr0.04TiB 0.07 0.2 1.3 0.04 0.08 0 0.5 0.04 0.0025 0.004 

0.5Cr0.04Ti 0.07 0.2 1.3 0.03 0.08 0 0.5 0.04 0 0.003 

0.5Cr 0.07 0.2 1.3 0.02 0.08 0 0.5 0 0 0.004 

0.5Cr0.11Ti 0.07 0.2 1.3 0.03 0.08 0 0.5 0.11 0 0.004 

0.25Cr0.05Ti 0.07 0.2 1.3 0.03 0.08 0 0.25 0.05 0 0.003 

0.13Ti 0.07 0.2 1.3 0.03 0.09 0 0 0.13 0 0.003 

0 0.07 0.2 1.3 0.03 0.08 0 0 0 0 0.003 

0.7Cr0.01TiB 0.07 0.2 1.3 0.03 0.08 0 0.7 0.01 0.0020 0.005 

0.5Cr0.01TiMoB 0.07 0.2 1.3 0.03 0.08 0.2 0.5 0.01 0.0020 0.005 

0.5Cr0.01TiMnB 0.06 0.2 1.5 0.03 0.08 0 0.5 0.01 0.0020 0.006 

2.2. Mechanical testing 

Tensile tests were carried out at room temperature in accordance with the European standard EN 10002 using 
flat specimens (6 x 20 x 120 mm3). Base metal test specimens were in the rolling direction except for the last 
three steels in Table 1, which were in the transverse direction. Cross-weld tensile tests were transverse to the 
rolling direction due to the orientation of the welds. All tensile tests included 2 specimens per steel. Charpy-V 
impact testing was performed in accordance with the European standard EN 10045 at various temperatures 
(2 specimens / temperature), ranging from 20 °C to -150 °C using subsize specimens 5 x 10 x 55 mm3. For 
the base metals, transverse specimens were tested and for the weld samples notches were placed at the 
fusion line and fusion line + 1 mm. Vickers hardness measurements were made in the base metal and HAZ 
using a 10 kg load. 

2.3. Welding 

X 70-IG [8, 9]. Two weld runs were deposited into V preparations. 
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2.4. Microstructural characterization 

General microstructure characterization was done using a JEOL JSM-7000F FESEM with specimens etched 
in MAG welding was made using the shielding gas MISON 8 (Ar + 8 % CO2 + 0.03 % NO) and the filler metal 
Böhler 4 % Nital, i.e. 96 % ethanol and 4 % nitric acid. 

3. RESULTS AND DISCUSSION 

3.1. Base metal properties 

The mechanical properties of the base metals are presented in Table 2. Yield strengths were in the range 500 
- 900 MPa and all the 5 boron-alloyed steels were in their own strength level near 900 MPa. Provided it is 
protected from forming boron nitride by the presence of a strong nitride former like titanium, boron enhances 
the hardenability of steel by segregating to the austenite grain boundaries and thereby preventing the 
nucleation of pro-eutectoid ferrite leading to the formation of finer lower transformation temperature 
microstructural components like bainite and martensite [10, 11]. Chromium and molybdenum also led to 
significant strengthening through increased hardenability [11, 12]. The effect of titanium on the base metal 
strength seems to be small. However, the strengthening effect of titanium is somewhat greater when other 
hardenability enhancing alloying elements like boron or chromium are at low levels. 

Table 2 Base metal mechanical properties 

Steel Rp0.2 
(MPa) 

longitudinal 

Rm    
(MPa) 

longitudinal 

A           
(%) 

longitudinal 

CV -40 °C 
(J) 

transverse 

CV -60 °C 
(J) 

transverse 

T14J      
(°C) 

transverse 

Upper shelf 
energy (J) 
transverse 

0.5CrB 898 1140 13.5 27 25 -113 29 

0.5Cr0.04TiB 864 1095 13.0 31 26 -96 31 

0.5Cr0.04Ti 639 893 17.3 38 34 -116 39 

0.5Cr 615 876 17.6 43 41 -132 43 

0.5Cr0.11Ti 602 843 17.9 45 47 -110 52 

0.25Cr0.05Ti 588 829 18.5 50 48 -117 51 

0.13Ti 546 755 23.1 60 59 -125 62 

0 515 781 19.8 55 57 -132 58 

Additional steel Rp0.2 
(MPa) 

transverse 

Rm    
(MPa) 

transverse 

A           
(%) 

transverse 

CV -40 °C 
(J) 

transverse 

CV -60 °C 
(J) 

transverse 

  

0.5Cr0.01TiMoB 904 1126 7.4 29 27 - - 

0.7Cr0.01TiB 894 1112 8.1 30 26 - - 

0.5Cr0.01TiMnB 864 1050 5.5 30 27 - - 

Charpy V transition curves for all but the additional base metals are shown in Figure 1a. Table 2 shows 
transition temperatures corresponding to 14 J absorbed energy (T14J), which is appropriate for the sub-sized 5 
mm thick specimens concerned. Transition temperatures were between -96 °C and -132 °C. The large range 
of strengths involved did not seem to affect T14J but, as expected, steels with higher strength had lower upper 
shelf energies, which was also reflected in the impact values at -40 °C and -60 °C. Comparing the values of 
T14J for the first five 0.5Cr compositions in Table 2 shows that titanium raises the transition temperatures. This 
is presumably due to the presence of large angular titanium nitrides, which promote cleavage crack nucleation, 
see e.g. Figure 1b, where large TiN inclusions in the base metal of steel 0.13Ti are arrowed. 
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a) b) 

 

 

 

 

 

 

Figure 1 a) Base metal transverse transition curves b) TiN inclusions in the base metal of steel 0.13Ti 

3.2. MAG welding results 

The mechanical properties of the welded joints are presented in Table 3. After welding the lowest hardness 
values are found in the ICHAZ, therefore these are included for comparison with the base plate. By comparing, 
for example, the hardness differences of steel 0 vs. 0.13Ti and steel 0.5CrB vs. 0.5Cr0.04TiB, it can be seen 
that titanium additions result in strengthening of the ICHAZ, presumably due to precipitation strengthening. 
This is also reflected in the elongation to fracture values of the cross-weld tensile tests, which are highest for 
the high-titanium steels. 

Table 3 Mechanical properties of welded joints (transverse) 

Steel Rp0.2 
(MPa) 

Rm 
(MPa) 

A 
(%) 

BM 
(HV) 

ICHAZ 
(HV) 

BM 
(HV) -> 
ICHAZ 
(HV) 

Ti/N FL 
T14J 
(°C) 

FL -40 
°C (J) 

FL -60 
°C (J) 

FL + 
1mm 
T14J 
(°C) 

0.5CrB 828 939 4.4 370 240 -130 0.0 -70 28 19 -83 

0.5Cr0.04TiB 875 967 5.4 370 250 -120 12.1 -28 14 9 -83 

0.5Cr0.04Ti 713 855 6.3 295 230 -65 12.6 -28 15 7 -100 

0.5Cr 689 824 6.8 290 220 -70 0.0 -70 31 26 -120 

0.5Cr0.11Ti 677 821 10.9 250 220 -30 29.7 -17 9 8 -95 

0.25Cr0.05Ti 673 812 7.2 270 220 -50 15.6 -35 14 12 -95 

0.13Ti 646 788 12.2 240 220 -20 38.0 -17 10 8 -102 

0 631 767 8.6 250 210 -40 0.0 -72 27 19 -116 

Additional steel            

0.5Cr0.01TiMoB 810 914 4.9 360 260 -100 1.9 - 16 12 - 

0.7Cr0.01TiB 792 906 4.3 365 220 -145 2.0 - 22 22 - 

0.5Cr0.01TiMnB 783 891 4.8 365 230 -135 1.8 - 38 16 - 

Regarding the cross-weld strength properties, the variation in strengths is again large as it is with the base 
metals. Yield strengths are in the range 630 - 875 MPa and tensile strengths in the range 770 - 970 MPa. 
Direct comparison between the base metal strength and the strength after welding is not possible because the 
base metal was tested with mainly longitudinal specimens while the cross-weld specimens were transverse to 
the rolling direction. When comparing the order of the steels with regard to the strengths of the base metals 
and the MAG welds, it can be seen that they are almost the same except for the steels with the highest 
strengths, which is 0.5Cr0.04TiB after welding and 0.5CrB for the base metals. Again, titanium has probably 
had a strengthening effect due to precipitation strengthening in the welds. This can be seen from the fact that 
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b) a) 

steel 0.13Ti has a higher cross-weld tensile strength than steel 0 and moreover when comparing all the steels 
with 0.5Cr, it can be seen that the tensile strength of that with the highest titanium content, 0.5Cr0.11Ti, has 
decreased the least. 

Impact toughness results showed that the fusion line is the weakest area in the weld. T14J transition 
temperatures were at a good level in the fusion line + 1 mm position, but in the fusion line T14J increased 
significantly. Compared to the base metal transverse T14J results, in the fusion line + 1 mm, T14J increased by 
about 12 - 30 °C and in the fusion line by about 45 - 110 °C. T14J transition temperatures were in fusion line + 
1 mm -83 - -120 °C and in fusion line -17 - -72 °C. 

From Table 3 it can be seen that the large strength range did not affect T14J in the fusion line. However, there 
is a clear correlation between the titanium concentration and T14J: when comparing the high-titanium steels, 
with or without chromium, T14J values were about 55 °C higher in the case of the high titanium content. 

High titanium contents imply high Ti/N ratios which mean that titanium nitride precipitates tend to grow in the 
CGHAZ and not prevent grain growth because of the loss of grain boundary pinning. The high Ti contents 
together with the 0.003 - 0.006 wt. % of N mean that the steels additionally contain large TiN inclusions that 
promote cleavage crack nucleation and decrease the toughness of steel. Figure 2, showing fusion line T14J 
transition temperatures and impact energies at -40 °C vs. Ti/N ratios illustrates the negative effect of titanium 
on toughness. 

 

 

 

 

 

 

Figure 2 a) T14J transition temperatures in fusion line vs. Ti/N ratios (excluding the additional steels for which 
data is not available) b) Fusion line impact energies at -40 °C vs. Ti/N ratios for all the steels 

It can be seen that the steels with low fusion line toughness have notably high Ti/N ratios compared to the 
stoichiometric ratio 3.42. Considering the restriction of grain growth in the CGHAZ, the optimum Ti/N ratio is 
less than stoichiometric [2], which, for 30 - 40 ppm nitrogen levels, corresponds to less than of about 0.015 wt. 
% of titanium. The titanium content of the additional steels is about 0.01 wt. % giving Ti/N ratios of 2.0 or less. 
It can be seen from the Table 3 and Figure 2b that the fusion line impact energies of these steels are better 
than the steels with higher titanium content. It has been stated that with lower titanium content fewer large TiN 
inclusions are present (due to lower products Ti x N) and more small stable TiN precipitates are present which 
is beneficial to the restriction of grain growth. Both factors are beneficial with respect to the impact toughness 
of the CGHAZ [1]. In that case also Ti/N ratio is closer to the ideal 3.42 value and therefore the effect of titanium 
preventing grain growth would be better in the CGHAZ next to fusion line [13]. 

Steel 0.5Cr0.01TiMoB has the lowest impact energies of the additional steels. Despite its low (0.01 wt. %) 
titanium its toughness at -40 °C is only slightly higher than that of the higher titanium steels with 0.04 wt.% Ti 
or more. The reason for this may be the presence of 0.20 wt. % molybdenum that was added to the steel in 
order to better maintain the strength and hardness in the HAZ. Adding molybdenum has been shown to 
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increase the strength considerably and at the same time the toughness of both base material and HAZ may 
deteriorate [12]. Indeed, steel 0.5Cr0.01TiMoB had the highest yield strength of the studied steels. 

4. CONCLUSIONS 

The effect of titanium on the weldability of thermos-mechanically rolled and direct quenched high-strength cold-
formable steels has been investigated for a range of chemistries and yield strength levels 515 - 904 MPa. MAG 
welding was performed such as to produce a cooling time t8/5 = 5 s. While high titanium contents were shown 
to reduce the softening of the HAZ that is common to direct quenched un-tempered steels, contents of 0.04 
wt. % or more had a detrimental effect on HAZ and base metal impact toughness. The strengthening effect 
was probably due to precipitation strengthening which was seen both in the strength of the welded steels and 
in the lower hardness difference between the base metal and the HAZ. The detrimental effect of titanium on 
the HAZ impact toughness is probably due to the presence of large angular TiN inclusions promoting cleavage 
crack nucleation. In addition, high additions of titanium lead to Ti/N ratios that promote coarsening of any fine 
TiN precipitates and more pronounced grain growth in the CGHAZ. 
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Abstract  

Ductile iron with 1.56% Ni was subjected to various cycles of the austempering treatment. For all variants, the 
austenitization temperature was 920oC and the time of holding was 2 hours. Austempering was carried out at 
temperatures of 260, 300, 330, 360, 380, 400oC with the time of 15, 30, 60, 90, 120 and 150 minutes. After 
each variant, the microstructure of the metal matrix was examined. Measurements covered hardness of the 
matrix and microhardness of "acicular" ferrite, austenite and martensite 

Keywords: Ductile iron, heat treatment, the microstructure of ADI, ADI properties 

1. INTRODUCTION 

ADI (Austempered Ductile Iron) is spheroidal 
graphite cast iron subjected to austempering 
treatment. The process of obtaining ADI consists 
of several steps, which are schematically shown 
in Figure 1. The aim of the process is to obtain 
the microstructure of cast iron matrix that is called 
ausferrite and consists of a mixture of ferrite in 
the form of plates, similar to "needles" occurring 
in bainite, and thermodynamically stable 
austenite with high carbon content [1, 2]. 

In ADI technology, the casting is subjected to 
austenitizing treatment by heating it to a 
temperature in the range of 840-950°C and 
holding at this temperature until the whole matrix 
is converted into carbon-saturated austenite (BC 
line in Figure 1). Then the casting is cooled at a 
high speed (C-D) to the temperature of 
isothermal transformation (230-400°C). At point 
E, the precipitation of ferrite starts taking place. During holding at the temperature of isothermal transformation, 
further transformation of austenite takes place. At point F, the "acicular" ferrite starts precipitating. In the range 
between points E and F, carbon diffuses to the remaining austenite, increasing its content from 1.2 to 1.6%. 
According to Kovac [1], such carbon content makes the austenite metastable, which means that it can exist in 
the matrix at room temperature, but not necessarily will be stable. If the casting is cooled down to a point below 
room temperature, or if mechanical stresses are formed as a result of, e.g., machining, this type of 
transformation will cause problems during machining, dimensional changes and loss of ductility. In contrast, 

Figure 1 Schematic diagram of the austempering heat 
treatment cycle [1] 
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ferrite nucleation in the F-G range is of no major importance. Ferrite grains continue growing, and this effect is 
accompanied by simultaneous diffusion of carbon to residual austenite, raising carbon concentration in the 
austenite from 1.8 to 2.2%. At this level of carbon concentration, the austenite becomes stable both thermally 
and mechanically [1,2]. 

This paper presents the results of research on the effect of heat treatment parameters on microstructure of the 
ADI with 1.56% Ni. The results presented complement and extend the research described in [3]. Matrix 
components were classified, their volume fractions were measured along with the measurement of matrix 
hardness and microhardness, and optimum heat treatment parameters were determined to obtain ADI with 
the chemical composition as given in Table 1. 

2. TEST MATERIAL  

Spheroidal graphite cast iron of the chemical composition given in Table 1 was used for the tests and was 
subjected to various cycles of the austempering treatment. Fixed austenitizing conditions were chosen 
(temperature: Tγ = 920 °C, time: tγ = 120 min.) and, basing on the TTT diagram, 18 variants of the austempering 
treatment were established [3]. When selecting the temperatures of the austempering treatment, the bainitic 
transformation area was divided into 2 ranges: upper and lower (Table 2). 

Table 1 Chemical composition of the tested spheroidal graphite cast iron. 

C [%] Si [%] Mn [%] Mg [%] Ni [%] P [%] S [%] 

3.55 2.55 0.31 0.063 1.56 0.025 0.009 

Table 2 Variants of the austempering treatment 

up
pe

r r
an

ge
 Variant T [°C] t [min.] Variant T [°C] t [min.] Variant T [°C] t [min.] 

W11 400 15 P11 400 60 W12 400 90 

W9 380 15 P9 380 60 W10 380 90 

W7 360 15 P7 360 60 W8 360 90 

lo
w

er
 ra

ng
e Variant T [°C] t [min.] Variant T [°C] t [min.] Variant T [°C] t [min.] 

W5 330 30 W6 330 120 P5 330 150 

W3 300 30 W4 300 120 P3 300 150 

W1 260 30 W2 260 120 P1 260 150 

3. TEST METHODS 
Metallographic studies - metallographic sections of ADI specimens were etched with NITAL reagent  
(1% HNO3 nitric acid solution in C2H5OH ethyl alcohol) and were next examined under a ZEISS Axio Imager 
M1m light microscope. 

Computer image analysis - image analysis was performed with a Metilo program. The volume fraction of 
each matrix phase was determined as an average of 4 measurements taken for each variant of the heat 
treatment. The preparation of the image for automatic measurement included the use of a medium grey filter 
and an automatic K-median binarization. In some cases, it was necessary to correct the shadow and manually 
set the grey threshold. 

Hardness measurement - Brinell hardness measurements were taken with an INNOVATEST / Nexus 703 A 
hardness tester. The test consisted in pressing a calibrated ball of D = 2.5 mm diameter under a pressure of 
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P = 187.5 kG against a polished surface of the sample. The full time of pressing was 15 s. For each variant, 
15 measurements were taken by Brinell method, and then average values were calculated. 

Microhardness measurement - microhardness tests were performed using a SHIMADZU HMV-G 
microhardness gauge. The indenter was a pyramid with an angle of 136 degrees. For each sample, five 
indentations were made in the matrix using a 100g load (HV0,1). 

Nanohardness measurement - the nanohardness of the individual microstructural constituents was 
measured with a CSM Instruments nanohardness tester. A Berkovich type diamond indenter and a pressure 
of 50 mN were used. Three measurements were taken for each microstructural constituent in a given variant, 
calculating next an average.  

4. TEST RESULTS 

Figures 2 and 3 show photographs of microstructures of the tested cast iron at 500x magnification. Figure 2 
shows microstructures obtained after austempering in the upper range of temperatures, and Figure 3 after 
austempering in the lower range of temperatures. 

 
a) W11 (T = 400 °C, t = 15 min.) 

 
b) P11 (T = 400 °C, t = 60 min.) 

 
c) W12 (T = 400 °C, t = 90 min.) 

 
d) W9 (T = 380 °C, t = 15 min.) 

 
e) P9 (T = 380 °C, t = 60 min.) 

 
f) W10 (T = 380 °C, t = 90 min.) 

   
g) W7 (T = 360 °C, t = 15 min.) 

 
h) P7 (T = 360 °C, t = 60 min.) 

 
i) W8 (T = 360 °C, t = 90 min.) 

Figure 2 Microstructure of the tested cast iron  - upper range (500x) 
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a) W5 (T = 330 °C, t = 30 min.) 

 
b) W6 (T = 330 °C, t = 120 min.) 

 
c) P5 (T = 330 °C, t = 150 min.) 

 
d) W3 (T=300 °C, t = 30 min.) 

 
e) W4 (T = 300 °C, t = 120 min.) 

 
f) P3 (T = 300 °C, t = 150 min.) 

 
g) W1 (T = 260 °C, t = 30 min.)   

 
h) W2 (T = 260 °C, t = 120 min.) 

 
i) P1 (T = 260 °C, t = 150 min.) 

Figure 3 Microstructure of the tested cast iron - lower range (500x) 

The results of measurements of the volume fractions of austenite are presented for the upper and lower range 
in Tables 3, while the results of hardness and microstructure measurements are presented for the upper and 
lower range in Tables 4. 

Table 3 Volume fraction of austenite 

up
pe

r r
an

ge
 

Variant Vva [%] Variant Vva [%] Variant Vva [%] 

W11 10.9 P11 23.4 W12 20.5 

W9 5.2 P9 17.3 W10 16.6 

W7 3.5 P7 13 W8 13.9 

lo
w

er
 ra

ng
e Variant Vva [%] Variant Vva [%] Variant Vva [%] 

W5 6.2 W6 13.1 P5 7.3 

W3 5.1 W4 8.6 P3 4 

W1 1.67 W2 7.6 P1 3 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

946 

Table 4 Hardness and microhardness 

up
pe

r r
an

ge
 Variant HBW HV0,1 Variant HBW HV0,1 Variant HBW HV0,1 

W11 292 449.4 P11 236.1 370.6 W12 270.13 425.0 

W9 368.73 430.2 P9 251 393.6 W10 284.33 410.8 

W7 400.6 431.4 P7 168.22 413.4 W8 324.87 378.2 

lo
w

er
 ra

ng
e Variant HBW HV0,1 Variant HBW HV0,1 Variant HBW HV0,1 

W5 375 481.8 W6 370.8 460.0 P5 282.11 488.6 

W3 436.5 589.6 W4 391.73 503.0 P3 329.58 478.0 

W1 527.27 614.0 W2 451.47 536.6 P1 353.79 495.4 

Nanohardness of selected variants are presented at Figure 4. 

 
a) W3 (T = 300 oC, t = 30 min.) 

Results of measurements: 703, 
783, 839 

 
b) P7 (T = 360 oC, t = 60 min.) 

Results of measurements: 908, 
922, 939 

 
c) P3 (T = 300 oC, t = 150 min.) 

Results of measurements: 2405, 
1317, 1607 

Figure 4 Nanohardness of selected microstructural components  

5. DISCUSSION OF RESULTS 

Chemical composition of base cast iron used for the manufacture of ADI is typical of pearlitic-ferritic spheroidal 
graphite cast iron. To raise the cast iron hardenability, only one element was added i.e. about 1.5% nickel 
(Table 1). This is not a typical composition, as usually in these types of cast iron, to improve the hardenability, 
combinations of several elements, such as Ni, Mo, Cu, sometimes Mn and Cr, are applied. In the technical 
literature there is no data on this type of cast iron. However, Benam [4] suggest that studies of ADI with the 
addition of Ni might be interesting. 

Different variants of the austempering treatment were applied (Table 2). The time of 15 and 30 minutes is 
unlikely to be used in practice, but here it has been used for cognitive reasons. 

Hardness measured by the Brinell method and HV microhardness show large scatter of results depending on 
the heat treatment variant used (Table 4). The highest HBW values were obtained in variants W1 (527.3) and 
W2 (451.5). Hardness decreases with an increase of the austempering temperature. Similar effect is observed 
for the austenite volume fraction (Table 3). Large amounts of austenite (23.4% for variant P11 and, e.g., 13.1 
for variant W6) demonstrate high ductility of ADI. Nanohardness measurements carried out for selected heat 
treatment variants showed extreme hardness values from 1600 to 2400. Such values were obtained in the 
white fields shown in, e.g., Figure 4. This indicates that only martensite with very fine "needles" could occur 
in those places. 

As referred to Kovac research [1], the analysis of images combined with microhardness measurements 
indicates that the matrix microstructure characteristic of ADI was obtained in variants W12 and W10. The 

HV=908 HV=1317 
HV=783 
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classification of ADI is based on the strength properties (standard PN-EN 1564, ASTM A897), so it seems 
necessary to carry out endurance tests for these variants to determine the grades obtained. For the short-time 
austempering of 15 min (upper range) and 30 min (lower range), the matrix microstructure typical of ADI has 
not been obtained. Studies suggest that as a result of the austempering time too short, austenite has not been 
evenly saturated with carbon, and as a consequence of rapid cooling, the transformation into martensite has 
occurred. As suggested by Kovac [1], martensite of this type, formed by the achievement of local temperature 
Ms during temperature cycle, undergoes tempering and its hardness is inferior to the hardness of the 
martensite formed as a result of, e.g., the stresses mechanically-induced by machining (Figure 4a). In variants 
P11, P9, P7 and W8, the matrix microstructure consists mainly of ausferrite, though traces of martensite also 
appear there (Figure 4b). In photographs taken for the cast iron austempered according to variants W6, W4, 
W2, P5, P3, P1 are clearly visible the fields of unreacted metastable austenite, which during austempering did 
not participate in the reaction but its carbon content has not changed in the treatment cycle leaving it 
metastable [1]. As a result of mechanical processing, due to the stresses formed, this austenite can transform 
into martensite. Martensite formed from the metastable austenite is characterized by very high hardness, as 
confirmed by the nanohardness tests (Figure 4c). (As a result of pressure exerted by the indenter, the 
austenite could be transformed into martensite). 

Analysis of the hardness measurements of the matrix microstructure confirms the research conducted. For the 
upper range and the time of 15 min (W11, W9, W7), the hardness value is high, which can be due to the 
presence of martensite in the microstructure. For the time of 60 min, hardness assumes the lowest value, 
which may result from the austenite saturation with carbon lower than in the case of longer times. In the lower 
range, on the other hand, a decrease in hardness is observed with the increasing time of isothermal holding. 
The nature of this phenomenon is confirmed by the results of microstructure analysis. For variants W5, W3 
and W1, the matrix microstructure is in prevailing part composed of martensite. For variants W6, W4 and W2, 
the martensite content is already much lower. 

6. CONCLUSION 

ADI with the addition of only one alloying element is cheaper than its counterpart with the addition of two or 
three elements. Test results have proved that it is possible to obtain ausferritic matrix microstructure in the 
starting spheroidal graphite cast iron containing only Ni as an alloying addition. Based on the results of the 
studies, only 2 variants that meet this condition have been selected. In order to classify the tested cast iron, 
tests of the tensile strength Rm and elongation A5 should be carried out. 

The obtained results will be used to verify the mathematical model for the analysis of the development of 
spheroidal iron microstructure during heat treatment. The results of the study can also be used as a source of 
knowledge in computer systems that are developed for predicting the structure and properties of alloys after 
casting processes. Especially that the computer technologies, being currently available as a cheap and 
effective way of optimization, are used for modelling and analysis of phenomena occurring in many areas of 
research [5, 6]. 
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Abstract 

This paper deals with a comparison between the standard spring steel grade 0.54C-1.45Si-0.7Mn-0.7Cr and 
a grade micro-alloyed spring steel with 0.12 % V in terms of microstructure, grain refinement, strength and 
ductile properties. The micro-alloyed steel is supposed to provide a better performance as it had been proven 
for hot-rolled and heat treated wire. The vanadium micro-alloyed steel grades are quenched in oil typically, so 
high strengths and high ductility can be expected. It has been confirmed especially for induction heat treatment 
and quenching temperatures 810 - 910 °C, and the tempering temperatures 430 °C and 450 °C. That 
phenomenon can be explained with the strengthening effect and precipitation of vanadium carbides that 
suppress the grain coarsening effectively. The mechanism has been confirmed with electron scanning and 
transmission microscopy. 

Keywords: Spring steel, micro-alloying, vanadium carbides, precipitates, plasticity 

1. INTRODUCTION 

Nowadays, a reduction of vehicle weight leads to a reduced amount of exhausted gases (mainly CO2) and 
belongs to the biggest saving trends in the automotive industry. Based on that, modern lightweight products 
are very welcomed. In other words, the requirements for car producers using steels are more demanding. 
Additionally, the costs make a huge impact on any development as the automotive production is a mass 
product field. All of these factors influence the implementation of micro-alloyed steel grades 
seriously.Vanadium shows the best combination of properties and costs for its implementation in mass 
production. As a micro-alloying element it is frequently used by steel producers in order to improve the 
characteristics of steel in terms of mechanical properties, grain refinement and delayed fracture propagation 
with significantly low effect on the costs [1, 2]. Another typical alloying element for micro-alloying steels - 
niobium - was deliberately excluded from this research although niobium micro-alloyed steel was reported to 
exhibit excellent results in the suppression of grain size grow [1]. Steel grades in this study are mass produced 
and used for a production of coil springs. For such application it is important to provide not only significant 
ultimate tensile strength (UTS) over 2100 MPa, but also excellent fatigue properties as coil springs are working 
under cyclic load up to 106 of cycles. In general, increasing in strength means decreasing of ductility, however 
the aim of modern technology is to identify the optimal parameters of the heat treatment that can provide 
satisfactory values on required level. 

2. MEASURING PROCEDURE 

In this study, two grades of spring steel were produced in a convertor steel plant. As a novelty, the chemical 
composition of one steel grade was additionally micro-alloyed with vanadium, then silicon was used for a 
deoxygenation and desulfurization was done in the standard way. Similarly for both grades, the billets were 
produced by continuous casting with slow down cooling. After a re-heating the hot rolling followed. Wire rod 
14.00 mm in diameter was produced with a cooling down with an air cooling conveyor. After the cooling a cold 
drawing followed with a reduction of the diameter to 12.50 mm. Finally, the process was finished with a rapid 
induction heat treatment.  
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The microstructures of the cross cut wire rods and wires after the heat treatment were investigated by means 
of scanning electron microscope (SEM) Zeiss Sigma 300, and transmission electron microscope (TEM) Philips 
CM12. As the etching agent the Nital (nitric acid in alcohol, volumetric concentration 2%) was used. The grain 
size was measured at the longitudinally cut samples by linear method according to the ASTM E112, in 6 
pictures taken for each sample as for the required accuracy. Samples for grain size measuring were 
additionally annealed for 1 h under the temperature 550 °C.Mechanical properties of the material were 
identified by means of tensile test machine WPM UPC 1200 and standard cylindrical samples. 

3. HOT-ROLLED WIRE 

The microstructures and content of exact elements of steel grades (in wt. %) can be seen in Figure 1 and 
Table 1. The complete chemical composition is not presented due to protective reasons. Steel grade A is a 
standard spring steel grade and steel grade B is referred as a V-micro-alloyed steel. Both steel grades show 
a perlite-ferrite microstructure (Figure 1). 

 
 
 

 
 

 

 

Figure 1 Microstructure of wire rod, TEM. (a) - steel A, (b) - steel B 

As the temperature of re-heating of billets before the hot rolling is higher than the defined solution temperature 
of V-carbides (1019 °C), vanadium is expected to be in a solid solution state [3]. Primary V-carbides that can 
be referred as carbides that are produced during continuous casting process and dissolve during hot rolling 
process. It was identified for the steel grade B in this work by TEM examination (Figure1b)). On the opposite, 
the steel grade A does not have any ingredients contributing to the carbide formation (Figure 1a)). 

Table 1 Chemical composition (wt. %). 

 C Si Mn Cr V Fe 

Steel A 0.55 1.39 0.73 0.66 - bal lanced 

Steel B 0.60 1.55 0.56 0.55 0.16 bal lanced 

Tensile mechanical properties of the wire rod for steel grades A and B were defined by standard tensile tests, 
see Table 2. Steel grade B, micro-alloyed with vanadium, showed higher tensile strength (30 %). It can be 
explained by a higher content of carbon first, but also with the vanadium strengthening effect and grain 
refinement. An interphase precipitation into lamellae structure can be observed in Figure 1. The SEM pictures 
of the fractured surfaces after the tensile test (Figure 2) show a ductile breakage mechanism, with a formation 
of micro-voids. 

Table 2 Mechanical properties of investigated steel grades in hot-rolled wire condition 

 Tensi le strength, MPa mm2 Reduction of area, % 

Steel A 1040 54 

Steel B 1352 46 

a) 

0,5 µm 

b) 

0,5 µm 
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Figure 2 Fracture area. (a) - steel A, (b) - Steel B 

4. HEAT TREATMENT 

Quenching and tempering (QT) were performed in water spraying box after rapid induction heating. Range of 
austenitization temperature (Ta) was 810 - 910 °C with sampling and steps of 20 °C in the range. It should be 
pointed out that due to technological specification of the equipment for the rapid induction heating, the initial 
heating-up temperature of the samples was 80 °C higher than Ta. It was measured by a pyrometer at material 
surface. It is important to take into account when the grain size is discussed because Ta is the temperature 
that defines the structure and mechanical properties after the QT. Anyway, the range of temperatures is lower 
than the solution temperature (1019 °C), so no V-carbides can dissolve in steel B during austenitization. 

Tempering temperature (Tt) 450 °C was chosen in order to investigate the structure and mechanical properties 
of steel grade B. Additionally, Tt = 430 °C was chosen to test in order to obtain a higher strength after QT 
process. 

4.1. Grain size 

It is known that the growing of grain size is observed with the increasing of austenitization temperature for any 
steel grade, but at the same time alloying elements such as molybdenum, niobium, vanadium, etc. can 
suppress the growth of grains. Over the years of research on vanadium micro-alloyed steel grades it was 
proved that it suppresses the growth of grains within the wide range of quenching temperatures in comparison 
with construction steel grades due to formation of V4C3. However, the temperature of 1000 - 1010 °C was 
defined as the critical temperature where the abnormal growth of grains for V-micro-alloyed steels occurs and 
then the growth of coarsened grains is stabilized with the grain diameter about 70 µm [1 - 4]. 

 

Figure 3 Grain size depending on the austenitization temperature 

In this study, the austenitization temperature 850 °C for both steel grades was found as a critical temperature 
for the beginning of the grain growth (Figure 3). However, grain size of the steel grade B was 1.0 - 1.5 G-value 

a) 

20 µm 

b) 

20 µm 
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finer. In this way the effect of V-carbides in micro-alloyed steel of grade B can´t prevent the growth of grains. 
The decrease of grain size value G was observed a bit similar to the V-free steel (Figure 4). 

It was also experimentally proven for steel grade A that the speed of heating does not affect the grain growth 
below the austenitization temperature of 850 °C. So, the low austenitization temperature is more significant 
than the speed of heating. Observed results also correspond well with the curve obtained by Maropoulos and 
others [3] apart of the different test conditions (a long-time conventional heating in furnace). On the other hand 
if the austenitization temperature is above 850 °C, the time of heating becomes more significant even for rapid 
induction heating. The longer heating time is used for bigger diameters, so it can be expected that the wire of 
smaller diameter would have finer grains under the same temperature. 

 

Figure 4 Grain size. Ta = 850 °C: (a) - steel A, (b) - steel B. Ta = 890 °C: (c) - steel A, (d) - steel B 

4.2. Microstructure 

The austenitization temperature of 850 °C was previously defined as a borderline for the beginning of grain 
growth. The samples made under the conditions of quenching / tempering 850 °C / 450 °C were chosen as a 
starting point for the investigation in order to compare the structures of steel grades A and B. 

The observed martensitic microstructure of steel grade A corresponds with all previous works. According to 
diagram presented in [5] steel up to 0.6 wt. % of carbon shows after QT treatment lath martensite in the 
structure (Figure 5, a)). 

As the carbon content of steel grade B is 0.60 wt. %, nano-twins become the significant part of the 
microstructure [5] that was proved by TEM observation (Figure 5, b); Figure 6). The next factor of the 
modification of the microstructure of steel B is vanadium addition. Vanadium spreads the bainite area in TTT 
diagram so that the mixed structure of bainite and martensite could be easily obtained under the same cooling 
conditions. For steel grade B retained austenite at the bainite-martensite matrix was observed. 

                                      

Figure 5 Microstructure of QT wire, TEM. (a) - steel A and (b) - steel B 

a) b) 

d) c) 

a) 

1 µm 

b) 

1 µm 
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Both steel grades consist of more than 0.5 wt. % of carbon that could lead to intergranular embrittlement, 
especially under low temperature tempering conditions. During the first stage of tempering (100 - 200 °C) the fine 
ɛ-carbides are formed within the martensite laths. Crystal and morphological changes in ɛ-carbides (Fe2C) were 
described in [6]. During the second phase of tempering when the temperature is higher than 200 °C, ɛ-carbides 
(Fe2C) convert into cementite (Fe3C) [2]. At the same time addition of silicon retards formation of ɛ-carbides 
(Fe2C) and move the tempering embrittlement to higher temperatures [7]. 

The SEM analyses of the structures for steel grades A and B perfectly illustrate the precipitation of carbides 
(Figure 6). Firstly, carbides are formed on the boundaries of prior austenite grains (PAG). Then also carbides 
are visible at the martensite block boundaries and within the lath. The reason for the intercrystalline failure along 
the boundaries of PAG and the decrease of fracture properties can be found in a formation of layer of precipitates 
at the boundaries of PAG. The precipitates have been proved to be a chain of globular particles that coalescence 
and look like a film under higher magnifications [8, 9]. Intergranular failures were not observed in this study. 

Figure 6 Precipitation of cementite (Fe3C): (a) - steel A, (b) - steel B 

4.2.1. Mechanical properties 

Mechanical properties of steel grade A were taken as a reference for the investigation of micro-alloyed steel. The 
results of tensile tests are given in Table 3 for both steel grades anyway. Based on the results of SEM 
investigation steel grade A shows a ductile fracture morphology and acceptable properties in terms of yield and 
ultimate tensile strength. Due to higher content of carbon and the vanadium strengthening effect samples of steel 
B prevailed in strength with a difference of 200 MPa, but exhibited a lower ductility under the same temperature 
conditions. The best combination of ductility and strength values for steel grade B were observed for the samples 
2B and 6B, produced under Ta / Tt parameters 850 °C / 430 °C and 850 °C / 450 °C correspondently. Sample 3B 
also has acceptable ductility / strength combination, but grain coarsening was observed for Ta = 870 °C 
(Figure 3). Three QT state of steel grade B could be implemented in the production. SEM investigation of tested 
samples 2B, 3B and 6B show ductile mechanism of breakage (Figure 7). 

 
 
 
 
 
 
 

 

 
 
 
 
 
 

 

 

Figure 7 Fracture area, SEM. (a) - sample 1A, (b) - sample 2B, (c) - sample 3B, (d) - sample 6B 
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Table 3 Mechanical properties of steel grades A and B after QT process 

Steel grade Sample number Ta /  T t,  °C 
Yield strength, 

MPa 
Tensi le strength, 

MPa 
Reduction of 

area, % 

Steel A 1A 850 / 450 1805 2002 54 

Steel B 

1B 830 / 430 2068 2282 24 

2B 850 / 430 2046 2285 31 

3B 870 / 430 2026 2283 36 

4B 810 / 450 2026 2200 33 

5B 830 / 450 2055 2217 32 

6B 850 / 450 2061 2221 40 

7B 870 / 450 2045 2218 42 

For the samples 2B and 6B that show the optimal mechanical properties the investigation of structure was 
performed by TEM (Figure 8 and Figure 6 correspondently). 

 
 
 
 
 
 
 

 

Figure 8 Microstructure of QT wire, TEM. (a ,b) - steel B, sample 2B 

5. CONCLUSION 

Steel grade B micro-alloyed with vanadium after the processing and rapid inductive heat treatment (QT) showed 
an acceptable combination of the mechanical properties (up to 2280 MPa UTS and 30 - 35 % of reduction of area) 
and morphology of fractured surfaces. The result can be used in the spring production. The parameters of the heat 
treatment allow to reduce the diameter of the wire significantly and hence to reduce the coil spring weight. 

Further optimalization of QT is planned with respect to the improvement of ductile properties of the heat treated 
material and preservation of the high UTS. As the next step to continue this investigation a study of carbon partioning 
process to obtain optimal microstructure of the material can be done, as it has been suggested e.g. in [10]. 
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Abstract  

The article deals with the evaluation of chosen parameters of surface roughness on the square section 
samples from stainless steel 316L (1.4404), manufactured by the additive technology with using Selective 
Laser Melting method (SLM). As part of the experiment was measured (scanned) and compared of chosen 
parameters of surface roughness on plane area of the samples printed in the same process parameters with 
a difference of power of the laser. One set of samples was printed during half power machine (200 W), the 
second during maximum power (400 W). The samples were oriented in the building chamber in the same way. 
The plane areas of blocks were parallel with plane XZ and YZ of coordinate system of 3D printer Renishaw 
AM400. The measuring of parameters of surface roughness was evaluated by optical microscope Alicona 
Infinite Focus5. 

Keywords: 3D printing, additive technology, renishaw, surface roughness, alicona microscope 

1. INTRODUCTION 

Additive manufacturing (AM) replace conventional technology and currently is used for production the 
prototypes and functional samples, when CAD models are source data. The additive process is characterized 
by the coating of material layer in axis Z. This technology is opposite of conventional machining, when the 
cutting tool takes away the machined material. Internal structure and material properties of powder have an 
influence on the mechanical properties of produced component. The additive technology of production are the 
most used for manufacturing prototypes for the purpose of biomedicine, design and in the aviation, cosmic and 
automotive industry. 

The results could be the new shapes emphasizing modern look and construction solution, where is used 
topological optimization, which can be achieved saving of material with regard to strength and district 
conditions. Due to high purchase cost not only machine, but material of the powder is necessary maximal 
usability and the effort to achieve the best parameters of building. The using of additive technologies in 
mechanical engineering is developing and to serve for purpose rapid prototyping. The main advantages is 
finding errors in documents and concepts, verification of manufacturability, assessment of the appearance, 
verification of suitability for series production and last but not least reverse engineering [1, 2]. 

2. SELECTIVE LASER MELTING 

The Additive technology is classified by the standard ISO/ASTM 52900:2015 Additive Manufacturing - General 
Principles - Terminology. Distribution of technologies can be defined according to the input material and energy 
supply. The technology of sintering powder layers (Powder Bed Fusion) is process of rating individual layers 
of metal powder on the basic table with the same chemical composition as metal powder. This technology 
(according to producer SLM - Selective Laser Melting) works on the principle high power laser, when the basic 
material is melted - metal powder, which is coated on the platform in very thin layer and by scanning of laser 
beam is created 3D object in axis Z. Primarily, profile is harden after application of the metal powder and then 
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the building is finished. The building chamber is filled up by inert gas - argon (some machine uses nitrogen). 
[3] 

The models created by SLM technology achieve sufficient strength, mechanical and chemical resistance. The 
technology replaces forms for plastic injection molding due to the excellent mechanical properties. These forms 
are called like as forms for comfort cooling. Its big disadvantage is porosity. The buildings could be separated 
by wired electro erosive machining or saw. The production process of SLM is influenced by process 
parameters, which are dependent on each other [4, 5]. 

 Powder - distribution, size and shape of grain, distribution of particles, material properties. 
 Laser - power, beam distribution, speed of material rating, influence of protective atmosphere, time and 

frequency of pulse. 
 Temperature - temperature of building platform, temperature of feeder, thermal conductivity. 
 Production strategy - scan speed, distance of hatches, thickness of coated layer, scan strategy of 

laser beam - chessboard, stripes, total fill and meander (Figure 1) [6]. 

 
Figure 1 Types of hatch styles [7] 

3. DESIGN OF EXPERIMENT 

3.1. Experimental equipment 

This experiment was realized with using 3D printer Renishaw AM 400 (Figure 2) in the Laboratory of Additive 
Manufacturing, at Department of Machining, Assembly and Engineering Metrology, Faculty of Mechanical 
Engineering, VSB-TU Ostrava. The machine allows fast air suction from working space, which is then filled up 
inert atmosphere - argon gas. It is equipped filtering system, which doesn’t allow to operator contact with 
emission. Part of the machine is software Quant AM for preparing production of components, inserting and 
editing of CAD model, change of geometry and settings of process parameters. 
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          Figure 2 3D Printer Renishaw AM 400                  Figure 3 Magnification of metal powder 316L 

3.2. Metal powder 

The samples were printed from stainless steel 316L. It is se o an austenitic stainless steel which comprises 
iron alloyed with chromium of mass fraction up to 18 %, nickel up to 14 % and molybdenum up to 3 %, along 
with other minor elements. Material properties are high hardness, toughness, high corrosion resistance, high 
machine-ability. Magnification of powder 316L is shown in Figure 3 by Alicona Infinite Focus microscope. [8] 

3.3. Design and printing of samples 

For evaluation the chosen parameters of surface roughness were proposed three samples of the square 
section about dimension (10 × 10 × 70) mm. The prisms were organized on the platform (250 × 250 × 15) mm 
in one row and they were printed during power of machine 200 and 400 W. Planar surfaces of the blocks were 
parallel with XZ and YZ planes of 3D coordinate system of printer. During the printing process, thin layer of 50 
μm of metal powder was coated from rear towards the front of the building chamber. The samples were printed 
by strategy Meander, when the laser beam melted metal powder from left side of chamber to right (against the 
stream argon). The platform has moved about fixed value in Z axis and he laser beam turned about 67° before 
the next layer was created for each sintering (Figure 4). The platform was preheated to 170 °C.. 

 

Figure 4 Layout of samples during printing 
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Rotating the beam is eliminated the ability to scan individual lines continuously at the top of the sample and is 
reduced the porosity of the structure. The strategy of Meander is characterized, that the residual heat is 
accumulated in the lower left and upper right corners, which is substantially larger than in the middle part, 
where is longer time to create the next track. This strategy is fast and effective, especially for building samples 
with small cross section. The printed samples are shown in Figure 5, which were printed in maximum and half 
power. 

 

Figure 5 The printed samples from material 316L at different machine performance 

4. EVALUATION OF THE RESULTS 

The chosen parameters of surface roughness individual sample were measured and evaluated based optical 
contactless microscope Alicona Infinite Focus 5 (Figure 6). The main part of the whole system is portable 
optics containing the objectives, which allow the measurement with different distinction. The advantage the 
whole microscope is wide range of measurable areas, using of optimized LED light and coaxial lightning. The 
device ensures the high accuracy and repeatability of the whole measurement. The results each measurement 
is protocol with the required parameters of measurement including input conditions and graphical view scanned 
surface of component. 

 
Figure 6 Alicona Infinite Focus 5 microscope 

Samples were situated on the preparation under the objective (Figure 6). The measurement was realized with 
LED light, the objective with distinction 10× for power 200 W and the objective with distinction 5× for 400 W. 
For each sample were measured parameters of surface roughness of all four walls and upper base for the 
both power of the printer. The samples were not heat, chip and surface treatment. After measurement were 
evaluated average arithmetic deviation Ra [μm] and maximum profile height Rz [μm]. The each area was 
measured five times and statistical processed results all samples are shown in Table 1. At the Figure 7 are 
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shown scanned surfaces for the both power of machine, where the resulting roughness with the use of the 
color spectrum is shown there. At 200 W, the surface is created by a much smaller amount tops or hollows 
than with using maximum power of printer. 

Table 1 The Evaluation of parameters of surface roughness in 200 W and 400 W of machine 

200 W Sample 1 Sample 2 Sample 3 

Area Ra [μm] Rz [μm] Ra [μm] Rz [μm] Ra [μm] Rz [μm] 

X1Z 13.86 ± 0.19 93.81 ± 0.86 12.88 ± 0.22 85.03 ± 0.78 13.81 ± 0.39 97.04 ± 0.45 

Y1Z 14.45 ± 0.25 91.02 ± 0.45 13.24 ± 0.35 92.20 ± 0.96 11.93 ± 0.43 81.59 ± 0.79 

X2Z 8.48 ± 0.09 48.62 ± 0.21 7.01 ± 0.31 54.25 ± 0.79 9.12 ± 0.07 66.23 ± 0.67 

Y2Z 8.25 ± 0.10 58.03 ± 0.26 10.1 ± 0.33 74.78 ± 0.76 10.73 ± 0.11 73.17 ± 0.98 

Base 7.93 ± 0.06 60.79 ± 0.45 8.52 ± 0.26 64.84 ± 0.61 8.63 ± 0.09 56.16 ± 0.47 

400 W Sample 1 Sample 2 Sample 3 

Area Ra [μm] Rz [μm] Ra [μm] Rz [μm] Ra [μm] Rz [μm] 

X1Z 3321 ± 0.21 218.19 ± 1.63 35.85 ± 0.45 219.37 ± 1.06 36.67 ± 0.78 240.55 ± 0.83 

Y1Z 36.81 ± 0.37 229.26 ± 1.07 30.89 ± 0.50 226.84 ± 0.81 32.61 ± 0.22 217.08 ± 0.71 

X2Z 27.35 ± 0.49 187.32 ± 0.99 22.02 ± 0.87 179.22 ± 0.34 26.53 ± 0.49 179.33 ± 0.45 

Y2Z 23.84 ± 0.47 164.44 ±1.01 27.29 ± 0.22 188.84 ± 0.74 28.34 ± 0.16 186.59 ± 0.63 

Area 4.76 ± 0.27 25.44 ± 0.68 3.38 ± 0.06 19.15 ± 0.12 5.16 ± 0.45 25.63 ± 0.11 

The each area was measured five times and statistical processed results all samples are shown in Table 1. 
At the Figure 7 are shown scanned surfaces for the both power of machine, where the resulting roughness 
with the use of the color spectrum is shown there. At 200 W, the surface is created by a much smaller amount 
tops or hollows than with using maximum power of printer. 

  

Figure 7 Magnified surface of samples at 200 and 400 W 

The exceptions are the areas of the upper base, on which was evaluated surface roughness as the best of all 
values for the both power. From the measured results and the visual inspection it was pronounced that better 
is used half machine power (200 W) to print prototype samples. Surface roughness of these samples was up 
to 60 % better. However, their quality was not ideal for functionality, which is typical for parts manufactured by 
the additive technology. Currently, unfortunately, any available technologies exist, which ensures to made 
shape and dimensionally accurate model with high surface quality requirements. 

For the both power, it was characterized that in X2Z and Y2Z planes were measured smaller values of 
parameters of surface roughness - better than in the other two planes. The values were around Ra = 10 μm 
for power 200 W. Their quality was compared with measured results for these bases. The surfaces, which 
were printed at maximum power, showed signs of a strong deterioration by compared to previous conditions. 
The value of parameter of surface roughness Ra was approaching to 40 μm.   



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

961 

5. CONCLUSION 

The Additive technology allows manufactured form - complex components, which are unavailable for 
conventional technology of production. By adhering to the required quality of material, it becomes an integral 
part of the industry engineering. The aim of experimental activity was measured and evaluated the chosen 
parameters of surface roughness on the samples made from SLM method with using 3D printer Renishaw AM 
400. Its results were compared of parameters of surface roughness measured on flats six samples. The both 
set of samples were printed in the same conditions, which were: situation and orientation of samples, direction 
of flow of protective gas, height of the layer of metal powder and used strategy (Meander). The one difference 
in input parameters was used power of machine: 200 and 400 W. 

The experiment confirmed that the power of machine has an influence on the surface roughness quality of 
samples made from material 316L. Samples, which were printed with using a half power (200 W), showed 
better surface roughness then with using maximal power up to 60 %. This power is sufficient for building of 
prototypes and achieves better surface properties. The next difference during evaluation of surface roughness 
was orientation of individual samples in building chamber. Worse, higher values were measured on the walls 
of samples, which were built up in X1Z and Y1Z planes for the both using power. Precise results cannot be 
uniquely determined, so it is recommended to perform the experiment in the same conditions with using 200 
W again and then reduce the power by 20 W (180 W) and repeat the whole experiment. Changing conditions 
can significantly influence the resulting print surface quality. 
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Abstract  

The article deals with the study of verification and evaluation of selected mechanical properties of stainless 
steel 316L (1.4404) after the production of additive technologies (3D printing) by Selective Laser Melting 
(SLM). For the purpose of the experimental testing were printed two sets of samples from the powder metal 
by the laser-sintering process at different process parameters. The main difference was in the power of laser 
for first set was determined half power 200 W and for second set maximum power of 400 W. The machine 
printed samples were further divided into two sets, one of which has been heat treated by annealing the second 
set was not thermally affected. Making the test samples were realized on Renishaw AM 400. The investigated 
parameters were the results of mechanical tests of specimens after the tensile test according to EN 10002-1: 
2001 and impact strength test by Charpy according to ISO 148-1. 

Keywords: Additive manufacturing; SLM; mechanical properties; stainless steel 316L 

1. INTRODUCTION 

The trend of today's time is to produce ever more complex and refined components. To satisfy this demand, a 
new, progressive technology of so-called Additive Manufacturing is succeeding. Additive manufacturing offers 
several methods to create mechanical part. The recent progressive methods of manufacture include a selective 
laser sintering (SLS) and its improved concept called selective laser melting (SLM). The basic principle of this 
technology lies in the applying coat of metal powder layer-by-layer. This avoids the need for process planning, 
such as choosing cutting conditions, choosing the right tools and choosing the production technology. The 
default input for 3D printing is pre-engineered a three-dimensional CAD model, and the process is greatly 
simplified [1, 2]. 

In contrast to classic conventional machining, it is important to note that the production process of the additive 
manufacturing is not just in 3D printing itself but also in accompanying processes such as preprocessing and 
postprocessing. "Preprocessing" means the design of a component with respect to topological design, 
preparation in dedicated software (simulation, component layout and support design) and machine calibration. 
Postprocessing is a more complex discipline and includes heat treatment, surface finishing, finishing 
(machining, grinding) and final 3D control and measurement. This paper deals with the influence of heat 
treatment and laser performance in 3D printing by SLM with respect to mechanical properties [1]. 

2. METAL POWDER 316L 

The knowledge of the chemical composition of the test material is a prerequisite for proper evaluation of the 
experimental investigation. Material 316L is a non-magnetic austenitic stainless steel that contains a very low 
carbon percentage and is alloyed with chromium, nickel, molybdenum and other negligible elements. Its exact 
percentage composition is shown in Table 1. From a nature of the SLM construction, when occurs the local 
melting of the particles, therefore, the steel must be very weldable and have the potential for high tensile 
strength with good ductility. It has got also features good resistance to organic and inorganic concentrated 
acids and increased resistance to various corrosion. The field of application of this steel is in the chemical, 
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food, medical and predominantly aerospace industries, where it has been utilized exclusively for the additive 
production of 3D printing, for example, as a jet in a jet engine. The size of individual grains in the manufacturer's 
powder is 45 ± 15 μm. The stainless steel used for the experiment was supplied by Renishaw in the form of 
powdered metal. Renishaw places great emphasis on warehouse management, so it delivers powdered metal 
exclusively in a powder transfer container and recommends that it be stored in a dry and stable place [3, 4]. 

Table 1 Chemical composition of the stainless steel 316 [4] 

Element Fe Cr Ni Mo Mn Si N O P C S 

Mass [%] Balance 18 14 3 < 2 < 1 < 0.1 < 0.1 < 0.045 < 0.03 < 0.03 

3. EXPERIMENTAL SETUP 

Experimental testing has been designed and performed to verify the selected mechanical properties of 316L 
(1.4404) stainless steel after the production of additive technology (3D printing) by Selective Laser Melting 
(SLM), when was sets different process parameters - see Figure 1. The advanced version of the Renishaw 
AM400 features enhanced optics control, redesigned gas flow, window protection, and a new 400W optical 
system that provides a beam of 70 μm in diameter. The power of the 400W laser power allows for a larger 
portfolio for print capabilities, making the first set of samples was printed at a half output of 200 W and a second 
set of samples at a maximum power of 400 W laser. The supplied Quant AM software allowed you to set 
different laser power values for both sets of samples on one substrate. Thanks to this, no powder contamination 
has occurred and consequently the results have not been affected [3, 4].  

 

Figure 1 Sample layout during the 3D printing 

The difference in laser performance was not the only criterion for resolving and sorting samples. Another 
variable, according to which the samples were divided into another set, is post-processing, respectively heat 
treatment after completion of the construction. For the heat treatment was selected a stress relieving annealing 
is to apply to minimize residual stress in the structure and thereby reduce dimensional inaccuracies. The 
process was carried out in a vacuum oven, heating for three hours, stamina and stabilization at 550 °C for an 
additional three hours, and the final cooling was conducted freely in the furnace for twelve hours without access 
of air. The final value was around 90 °C. The entire course of heat treatment is shown in the Figure 2. 
Annealing does not change the structure of the material and has no significant effect on its hardness [1, 2]. 
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Figure 2 The course of applied heat treatment 

3.1. Course and print settings 

A consistent constant scanning speed, layer thickness and strategy were set when printing test samples. The 
only variable was laser performance. The default strategy for 3D printing of all samples has become a strategy 
called "Meander", whose principle of scanning consists in gradually alternating the layers with mutual 
orientation by rotating the new layer to the previous layer by an angle of 67 ° (see Figure 3). Meander strategy 
is recommended for components with a small cross-sectional area, as there is inconsistent heat distribution in 
each layer. The printing process was carried out in a controlled atmosphere (argon). First, air and humidity 
was sucked out from the building chamber of dimensions 250 mm × 250 mm × 300 mm to a vacuum, and then 
argon inert gas was pumped into the chamber. The use of inert gas results in extrusion of residual oxygen 
from the chamber, thereby avoiding the risk of unwanted chemical and physical processes due to reactive 
gases contained in the air. Furthermore, the risk of explosion of powder alloys, which are volatile due to air, is 
also reduced. Prior to commencing the build itself, the building board (substrate) is preheated to 170 °C for 
two reasons. The first reason is the energy saving of the spent laser to melt the particle, and the second reason 
is related to the thermal influence of the printed parts where deformations occur. Applying a very thin layer of 
metal powder was done by a wiper spread by a single dose of powder from the back of the chamber towards 
its front. The worktable moved down with the substrate with a layer thickness of 50 μm after each scanned 
layer. 

 

Figure 3 Strategy of Meander and its rotating layer by 67 ° 
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3.2. Tension test evaluation 

To determine the mechanical characteristics, the most frequently used test was chosen, the tensile test. The 
test results are used to assess the quality of the material, design calculations, or a general assessment of 
suitability for certain technological operations. The essence of the test lies in the deformation of the test rod by 
tensile loading until breakage. The test is controlled by the standard EN 10002-1: 2001 and determined by the 
size of the sticks for the determination of the test: the total length of the rod - L = 100 mm, the length of the 
test part of the rod - Lo = 57 mm and the initial diameter of the rod - do = 5 mm. Testing was carried out on a 
desk, two-column, computer-controlled testometric M500-50CT at 21 °C room temperature. Cylindrical printed 
specimens have to be trimmed prior to insertion into the test machine due to surface treatment quality 
requirements Ra = 0.8 μm. The test piece was attached to the mechanical wedge jaws of the test machine 
and a strain gauge attached to it, which during the test recorded the force applied F on the extension of the 
test rod [5, 6]. 

The tensile test results revealed interesting results compared to the different laser power values. For samples 
printed at 200 W laser power the effect of annealing at the total stress of the tensile stress was significantly 
affected. Surprisingly better real values of maximum stress strain were achieved by a sample that was not 
thermally affected, by about 25 %. The stress peak test results from the 200 N sample, this is better than the 
400 N sample. More favourable values were reached even at the stress 0.2% proof overall, see Table 2. On 
the other hand, no significant differences in heat treatment were recorded in the samples produced by the 400 
W laser power. Young modulus evaluation is distorted because of the small sample rate and is listed for 
informational purposes only. An overview of all mechanical values is given in Table 2 and the tensile strength 
comparison is shown in Figure 4. Distorted values at the beginning of the chart can be caused by slipping the 
sample in the jaws. A brittle fracture was classified at the end of the test.  

Table 2 Overview of the mechanical characteristics 

Designation 
of sample 

Strain Break (%) Strain Peak 
(%) 

Stress 0.2 % Proof (N 
/ mm2) 

Stress Peak 
(N / mm2) 

Young Modulus (N 
/ mm2) 

200 N 43.1 19.0 515.9 639.5 200050 

200 TZ 28.9 19.3 466.4 660.5 212555 

400 N 34.2 17.3 404.8 561.0 204226 

400 TZ 28.8 17.8 355.1 573.9 185665 

 
Figure 4 Comparison of the tensile strength 
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3.3. Impact strength test evaluation 

Another observation parameter of the experiment was the result of a bending impact test using Charpy hammer 
according to ČSN ISO 148-1. The Charpy hammer method consists in breaking the test body with a notch one-
stroke of the pendulum hammer from the specified conditions and it is a dynamic test. This test is a very good 
indicator of the brittleness of the material. The material characteristic determined in the bending impact test is 
the impact work. The test assesses the sensitivity of the material to the stress concentration at the point of the 
sample notch. The toughness value is determined by the ratio of the energy used to break the test rod and the 
area of the smallest cross-section of the rod (at the notch), and its determination is particularly important for 
heat treated steels or where welding occurs [5, 6]. 

Four set of samples with squares cross section of dimensions 10 x 10 x 70 mm were designed to evaluate the 
bending impact test, each set containing 3 test bars. The test sticks were arranged on a substrate in a single 
row and printed at the same time at 200 and 400 W using the same methodology as the tensile test specimens. 
The planar surfaces of the blocks are printed parallel to the XZ and YZ planes of the 3D coordinate machine 
system. The test bodies were provided with a V-shaped notch at an angle of 45° and a depth of 2 mm in the 
centre of the length itself, this preparations being carried out after the final heat treatment, thereby avoiding a 
difference in comparison of the heat treated samples. The Charpy hammer test was performed at 20 °C. The 
maximum hammer energy used was 300 J.  

From the results of the test, it is obvious that the heat treatment has a significant effect on the tenacity of 
printed material 316L in the positive sense, due to the decrease stress in the structure of the material. The 
difference in material tenacity is noticeable even with different laser power settings, as illustrated by Table 3 
laser power of 400 W caused better and more intense baking of powdered metal grains. Apart from the notched 
strength, the appearance of the fracture area was assessed. The test stick bent, but at the same time a quarry 
formed, thus it is a so called mixed quarry. 

Table 3 Results of the Impact strength  

Set 200 N 200 TZ 400 N 400 TZ 

No. of sample 1 2 3 1 2 3 1 2 3 1 2 3 

Impact energy [J] 109 122 118 133 132 146 162 159 141 180 148 126 

4. CONCLUSION 

Additive manufacturing makes it possible to produce shape-complex components while adhering to the 
specified quality of material and becomes an integral part of industrial engineering. The potential of additive 
production is limited only by the imagination of the designer and opens the way for creative thinking. An 
example of such thinking is a topological design that overcomes all the conventions that have been 
implemented and brings new possibilities in the development of structures. The growing demand for more 
complex and refined components in the labour market is evidence that it makes sense to further develop 
additive technology and come up with new ideas. One of the most significant advances in the additive 
technology process was the SLM. This method is based on the local melting of the powdered metal particles 
by the laser and the particular layering of these portions. The progressive development of this method has 
ensured expansion not only to prototype production but to the entire process of small-series and series 
production. At present, the SLM method introduces small-scale mould manufacturing for the aerospace and 
automotive industries and in the health care industry is it the production of various prostheses and implants. 

The SLM method was applied to the experimental investigation that was conducted to investigate the core 
mechanical properties of the corrosion-resistant material AISI 316L. Different print parameters were selected 
for research, and the main difference was in laser performance: half the machine output was 200 W and the 
machine's maximum output was 400 W. The printed samples were further divided into two sets, one of which 
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was heat treated by annealing the other set was not thermally Affected. The first observed parameter was the 
deformation stress, which was measured on the basis of EN 10 002. This test did not show the influence of 
the heat treatment, but the influence of the machine parameter setting was manifested. Samples printed at 
200 watts showed better tensile deformation than samples printed at maximum laser power. The second part 
of the experimental test examined the toughness of the material. For its determination, a bending test was 
chosen by the Charpy method according to ČSN ISO 148-1. The test showed a significant influence of heat 
treatment on the overall toughness of the structure of the material. Ideal setting of parameters to achieve the 
most optimal toughness is 400 W and application of annealing heat treatment to reduce strain. The results 
obtained provide a good basis for further research into the mechanical properties of printed materials of 
additive production by SLM. 
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Abstract  

This paper deals with the influence of various austenitizing temperatures on microstructure and kinetics growth 
of austenite grain in 9 CrNB steel. High austenitizing temperatures (1070 °C, 1150 °C, 1170 °C, 1190 °C, 
1210 °C and 1230 °C) with a holding time 120 min were used. The microstructure was formed by martensite 
after austenitization. The occurrence of delta ferrite was observed in microstructure at temperature higher than 
1190 °C. Delta ferrite was located at the grain boundaries and its amount was about 3 % at the austenitization 
temperatures of 1190 °C and 1210 °C and up to 5.5 % at the temperature of 1230 °C. In terms of the kinetics 
of austenite grain growth, it can be concluded, that up to temperature of 1170 °C there is an increase in grain 
size. At the higher austenitization temperature (over 1190 °C) we observed the decrease of grain size.  

Keywords: Austenitizing temperature, heat treatment, delta ferrite, grain growth, low carbon 9Cr steel   

1. INTRODUCTION 

Low carbon 9CrNB steels contain 9% Cr alloying and have optimal ratio of B/N [1]. The choice of austenitization 
temperature is important from two aspects: temperature and alloy content. At the temperature perfect 
austenitization of solid solution must occur. This condition is fulfilled at the austenitization temperature, which 
is 30 - 50 °C above the temperature Ac3. In case of low carbon and low alloyed steels are the temperatures 
on the level at 920 - 940 °C. However in the case of high alloyed steel is needed to be also considered 
conditions of dissolution of the particles of secondary phases, which after the subsequent cooling forms the 
required secondary particles (precipitates). These significantly influence mechanical and creep properties of 
steel. From the chemical point of view, it is the formation of the carbide, carbo-nitride and nitride phases of the 
respective alloying elements (Cr, W, V, B) [2, 3]. Based on the knowledge of the dissolution diagrams and on 
the theoretical knowledge [4], the required austenitizing temperatures are above 1100 °C to about 1200 °C. 
Therefore were selected high austenitization temperatures of 1070 °C, 1150 °C, 1170°C, 1190 °C, 1210 °C 
and 1230 °C to achieve sufficient dissolution of carbide, carbo-nitride, resp. nitride phases. The aim of this 
work was to focus on the kinetics growth of the austenite grains and microstructure at the selected 
austenitization temperature in steel.  

2. MATERIAL AND EXPERIMENTAL METHODS 

As the experimental material were used samples from 9 CrNB steel, that have been heat treated (austenitizing) 
at the temperatures of 1070 °C, 1150 °C, 1170 °C, 1190 °C, 1210 °C and 1230 °C with holding time 120 min. 
The chemical composition of 9CrNB is shown in Table 1. The samples were prepared by standard 
metallographic procedures (grinding, polishing, and etching). Microstructural analysis was carried out using an 
Olympus GX51 light optical microscope.  
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Table 1 Chemical composition of 9CrNB steel 

Elements C Mn Si P S Cr Ni Mo W Co B N 

Min [wt. %] 0.06 0.40 0.20 - - 8.00 - - 2.50 2.80 0.010 0.005 

Max [wt. %] 0.10 0.50 0.35 0.020 0.008 9.00 0.15 0.10 3.00 3.20 0.015 0.015 

3. RESULTS 

The microstructure in the conditions after austenitizing at selected temperatures was formed by martensite. 
This steel is air hardening. At the austenitization temperature of 1070 °C was microstructure homogenous, 
from point of view of austenitic grain size (Figure 1). The size of austenite grain ranged from 35 to 50 μm and 
an average grain size was 43.1 μm. At the temperature of 1150 °C was seldom observed heterogeneity of 
grain size (Figure 2). The size ranged of approximately from 90 to 190 μm, the average size reached 138.6 
μm.  

   

Figure 1 Microstructure at the austenitization 
temperature 1070 °C (martenzite) 

Figure 2 Microstructure at the austenitization 
temperature 1150 °C (martenzite) 

    
Figure 3 Microstructure at the austenitization 

temperature 1170 °C (martenzite) 
Figure 4 Microstructure at the austenitization 

temperature 1190 °C (martenzite + delta ferrite) 

The microstructure at temperature of 1170 °C was coarser-grained in comparison with the lower temperatures. 
It was also observed slight heterogeneity of austenite grain sizes (Figure 3). The grain sizes were in the range 
of about 110 - 230 μm. The average size of grain was 172.3 μm. At the temperature of 1170 °C in the 
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microstructure was an also small amount of delta ferrite observed. Delta ferrite was excluded at the austenite 
grain boundaries. The amount of delta ferrite in the microstructure was negligible. At the temperature of 
1190 °C larger amount of delta ferrite is observed (approximately 3%) in comparison to temperature of 
1170 °C, which was excluded at the austenite grain boundaries (Figure 4). Microstructure was slightly 
heterogeneous; the grain size range was about 100 - 210 μm and an average grain size reached 139.8 μm. 
The formations of delta ferrite are larger, in comparison to the formations at the temperature 1170 °C. In 
comparison to the grain size at temperature of 1170 °C, grain size of the austenite decreased.  

At the austenitization temperature of 1210 °C was similarly as at temperature 1190 °C in microstructure 
observed delta ferrite at the austenite grain boundaries (Figure 5). The amount of delta ferrite was comparable 
to that at temperature 1190 °C. Microstructure was relatively homogeneous, the grain size was at range of 100 
- 160 μm and the average grain size reached 131.2 μm. At the highest temperature (1230 °C) was in the 
microstructure the highest occurrence of delta ferrite (5.5 %) observed, that was excluded at the austenite 
grain boundaries (Figure 6). The formations of delta ferrite were at this austenitization temperatures greatest. 
At the holding time 120 min was microstructure relatively homogeneous. The grain size was in the range from 
80 to 120 μm. The average austenitic grain size was 99.2 μm.   

   
Figure 5 Microstructure at the austenitization 

temperature 1210 °C (martenzite + delta ferrite) 
Figure 6 Microstructure at the austenitization 

temperature 1230 °C (martenzite + delta ferrite) 

 
Figure 7 The influence of austenitizing temperature on grain growth at the holding time of 120 min 
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Figure 7 shows influence of austenitizing temperature on the grain growth at the holding time 120 min. As can 
be seen, under the temperature of 1170 °C, the grain size gradually increases. Above temperature of 1190 °C, 
with the growth of temperature are austenitic grains smaller with the same increase of volume fraction of delta 
ferrite in the microstructure.    

4. DISCUSSION 

The main objective of this work, as already mentioned in the introduction, was to focus on the growth kinetics 
of austenite grain and state of microstructure at the selected austenitizing temperature in the 9CrNB steel. The 
microstructure was formed by lath martensite. At the temperatures of 1070 °C and 1150 °C was microstructure 
quite homogeneous. At the higher temperatures of 1170 °C, 1190 °C and 1210 °C were observed slight 
heterogeneity in the microstructure. From the view of the kinetics of austenitic grain growth can be concluded, 
that increasing austenitizing temperature leads to increase of austenite grains size. But this applies only until 
the austenitizing temperature of 1170 °C. At higher temperatures of 1190 °C and 1210 °C the grain growth 
already did not occur, even occurred decreased of grain size. The reason was probably the presence of delta 
ferrite in the microstructure, which was excluded mainly on the grain boundaries. Due to this excluded delta 
ferrite, the grain growth was reduced and possibly to refinement of austenite grain size.  

At the highest austenitizing temperature of 1230 °C, where was observed highest occurrence of delta ferrite 
(5.5 %), there was observed the second finest-particle microstructure. Delta ferrite is according to the binary 
equilibrium diagram of Fe - Fe3C stable at high temperatures (above 1396 °C). At the certain ratio of austenite 
forming and ferrite forming elements are this high temperature phase becomes stable at ambient temperatures. 
Delta ferrite may be desirable in some steels (duplex steels), but in the most cases it is undesirable. At the 
small content may negatively affect the mechanical properties of steel. 9 CrNB steel is the creep resistant steel 
alloyed mainly with Cr, W, Co, and with optimal ratio of B / N [5, 6]. In addition to these elements are in steel 
presented small amounts of Mn, C, Si, Ni, V. In the Figure 8 calculated phase equilibrium composition of the 
steel MarBN in relation to the temperature are seen. The figure shows that the delta ferrite starts to equilibrate 
in the temperature of 1280 °C [7]. However in microscale and at the grain boundaries, where can be local 
enrichment (segregation) of ferrite forming elements, may result in the formation of delta ferrite at lower 
temperatures and to remain stable in non-equilibrium in the microstructure after cooling.  

 
Figure 8 Thermodynamic equilibrium calculations of MarBN steel using the software MatCalc [7] 
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5. CONCLUSION 

From the obtained results of 9CrNB steel can be stated the following conclusions:  

1) The microstructure after austenitization was formed by martensite. At the temperature of 1170 °C was 
in the microstructure observed negligible occurrence of delta ferrite. At higher austenitization 
temperatures (1190 °C, 1210 °C) the proportion of delta ferrite in the microstructure increases (about 
3 %). At the highest austenitization temperature of 1230 °C the proportion of delta ferrite was in 
microstructure about 5.5 %.  

2) With increasing austenitizing temperature, up to the temperature of 1170 °C, the austenite grain size 
increases. At the higher austenitization temperatures from 1190 °C the increase of the grain size 
practically does not occur (grain size even decreases). It is probably due to the presence of delta ferrite 
in the microstructure, which was located at the grain boundaries.  

3) From the point of view of growth kinetics of austenitic grain it can be concluded that 9 CrNB steel has 
local maximum in the range temperature about 1170 - 1180 °C. The question then remains, whether the 
austenitic grain refinement at higher austenitizing temperatures causes the presence of delta ferrite at 
the grain boundaries, or the exclusion of carbide phases that prevent grain growth. This will be the 
subject of further research. 
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Abstract 

Twinning Induced Plasticity steel, or TWIP steel, has had increased interest in recent years from various 
industry sectors. This is due to it being light weight, strong, and ductile; which are all properties that are useful 
in the automotive and aerospace industries. These steels potentially can offer lighter weight vehicles and parts 
with increased strength and other mechanical properties. This combination could offer greater fuel efficiency 
and performance while at the same time improving the safety features of the vehicle. This paper deals with the 
description of the behaviour of high manganese steel after cold rolling and subsequent annealing. Impacts on 
microstructure, phase composition, yield strength and tensile strength are described. 

Keywords: TWIP steels, rolling, mechanical properties 

1. INTRODUCTION 

The main difference between TRIP-assisted and TWIP steel is that the austenite in the former is stable on 
cooling but not under mechanical load, i.e. phase transformation happens when the material is loaded. In 
contrast, there is no phase transformation in TWIP steel during cooling or deformation, but the orientation of 
part of austenite will change due to mechanical twinning. The different behaviour of the austenite is attributed 
to its stacking fault energy. SFE changes with the alloy composition and deformation temperature [1]. Steels 
with high concentrations of Mn, Si and Al exhibit high strength and plasticity when deformed due to the 
mechanical twinning (TWIP steels) or to deformation-induced martensitic transformation (TRIP steels) [2-6]. 
The martensitic transformation from austenite (γ) to ε martensite and/or α´ martensite occurs with γ SFE is 
typically below 20 mJ / m2, whereas mechanical twinning is promoted if the stacking fault energy lies between 
15 and 30 mJ / m2.  

For steels with a manganese content of less than 15 %, a deformation of austenite results in a TRIP effect, i.e. 
martensite conversion. With a manganese content of about 20 %, there is a combination of both phenomenon, 
TWIP and TRIP effects. For a manganese content above 25 %, the TWIP effect usually prevails. But the 
specific deformation/transformation behaviour depends on the specific chemical composition, i.e. the content 
of the other elements that affect the SFE. These are silicon, aluminium and carbon. At lower carbon contents, 
martensite transformation occurs even in high manganese content above 25 %. Carbon can suppress a 
martensitic transformation, but the amount of C that can be added is limited due to the formation of M3C 
carbides [7]. The carbon content also limits the possibility of welding these steels together with standard ferritic 
grades. Therefore, the authors' previous studies were devoted to manganese steels with a medium content of 
manganese and a low carbon content. These steels achieve high strength (above 1400 MPa), mainly due to 
α´ and ε martensite content [6], [8-9]. For high manganese steels with predominant TWIP effect, it is usually 
achieved lower tensile strengths (below 1000 MPa) and low yield strengths (YS) of about 250 MPa [10]. This 
paper shows that proper heat treatment of the cold rolled sheet can achieve much better values of YS.  
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2. EXPERIMENT DESCRIPTION 

2.1. Experimental material 

Chemical compositions of steel employed in this experiment are given in Table 1. The heat was manufactured 
in a vacuum induction furnace and cast into a round ingot mould. After cooling, the ingot was reheated in a 
furnace to the forging temperature of 1100 °C. In a universal hydraulic press, the ingot was then forged into a 
slab of 280 × 130 mm cross-section. The slab was then hot-rolled to strip of a final thickness of 4 mm. The 
rolled strip was annealed at 950 °C for 2 hours. After grinding, the annealed strip was rolled passes to the final 
thickness of 1.5 mm. The rolled strip was annealed at 950 °C for 2 hours. After grinding, the annealed strip 
was rolled in six passes to the final thickness of 1.5 mm. 

Table 1 Chemical composition of experimental steel 

Heat nr. Element [wt. %] 

C Mn Si Al Fe 

V16/89 0.12 28.53 1.57 0.78 Bal. 

2.2. Microstructure analysis 

The specimens were prepared using standard metallographic techniques of grinding and subsequent 
polishing. Their microstructures were revealed by two-stage etching: first with 10 % Nital, and then with the 
Klemm’s II colour reagent. [11]. Microstructures were documented using a Zeiss Axio Observer optical 
microscope. Phase analysis by X-ray diffraction was carried out at room temperature using a Bruker D8 
Discover diffractometer. The diffracted radiation was detected by means of a one-dimensional detector. A 
cobalt X-ray source has been used. The instrument was equipped with a polycapillary lens focusing the primary 
X-ray beam into a circular spot with a diameter of 0.5 mm. 

2.3. Mechanical properties 

Tests were executed using servohydraulic testing system Zwick. Prior to testing, dimensions of samples were 
measured and recorded. Some samples from sheet had to be tested by means of a miniature tensile test 
because of lack of sufficient test material for the standard test. The dimensions of the miniature tensile test 
sample are 5 mm in gauge length and 0.5 x 1.5 mm in cross section. On test specimens of this small size, 
Digital Image Correlation (DIC) is used for strain measurement instead of conventional extensometers. This 
method of mechanical properties measurement on a small amount of experimental material has proved 
successful in earlier studies [12 - 15]. Additionally, the samples from this steel were subjected to strength 
testing at high strain rates (from 500 s-1 up to 2500 s-1). These dynamic tests were done on the drop weight 
tower IMATEK IM10-T-30HV with high-speed camera Phantom v710.  

3. RESULTS AND DISCUSSION 

3.1. Microstructure analysis 

The microstructure of the sheet after cold rolling without any heat treatment is shown in the Figure 1  
(a and b). Since etching with Klemm’s reagent leaves ε martensite colourless, it appears white in micrographs. 
The colour of another phase - γ (austenite) is usually yellow to brown and could be also light blue to dark blue 
according to the degree of etching. Steels with manganese content above 28 % usually show the prevalence 
presence of γ (austenite). But as this was mentioned above, this fact is connected with higher carbon content 
(usually above 0.8 %). Lower carbon content affects the value of SFE and this brings the increasing amount 
of ε martensite in the microstructure especially in the deformed conditions of the material after cold rolling. The 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

975 

Figure 1a shows the microstructure of deformed austenite with the presence of ε martensite (white phase). 
Figures 1b - e shows other states of this steel after different annealing temperatures at 950 °C, 800 °C, 700 °C 
and 500 °C for two hours with subsequent slow cooling in the vacuum furnace with a protective argon 
atmosphere. It is possible to observe recrystallized microstructure in the case of samples annealed from 
950 °C to 700 °C. 

  

  

 

Figure 1 Microstructures of the sheet with thickness 1.5 mm after: a) cold rolling, b) annealing at 950 °C / 2h, 
c) annealing at 800 °C / 2h, d) annealing at 700 °C / 2h, e) annealing at 500 °C / 2h 

a) b) 

c) d) 

e) 
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The microstructure of the sample annealed at 950 °C is rather coarse-grained in comparison to cold rolled 
state and it shows the grain size G = 6.5 (according to ASTM E112). Decreasing the temperature of annealing 
leads to the substantial decrease of the grain size (see Figures 1c - d). The influence of the annealing 
temperature on the grain size is summarised in the following Table 2. It was not possible to measure the grain 
size of sample annealed at 500 °C because it is still deformed and the grain boundaries are not visible. 

Table 2 Grain size after different heat treatment 

Annealing temperature [°C] 950 800 700 

Average dimeter [µm] 31.9 11.1 3.2 

Grain size G [ASTM E112] 6.5 10.0 13.5 

The phase analysis by x-ray diffraction (see Table 3 and Figure 2) shows that none was detected in the 
sample annealed at 500 °C. The highest volume fraction of ε martensite was measured on the sheet subjected 
to the cold rolling without any heat treatment. Further increasing of temperature of annealing (above 500 °C) 
leads to the increase of ε martensite volume fraction (in comparison to the lower annealing temperature). A 
possible explanation of this behaviour could consist in the coarsening of the microstructure. Larger grains 
could promote the austenite decomposition. Similar behaviour - in the case of medium manganese TWIP steel 
- was observed in previous studies [8 - 9]. 

Table 3 Volume fraction of structural phases according to the X-ray diffraction  

 Annealing temperature [°C] 

Phase [volume %] Cold rolled 950 700 500 

γ - austenite 34.8 88.5 95.6 100 

ε - martensite 65.2 11.5 4.4 x 

 

Figure 2 X-Ray diffraction pattern of the samples 

3.2. Mechanical properties 

Tensile tests were carried out according to EN ISO 6892-1: Metallic materials - Tensile testing - Part 1: Test 
method at room temperature. The chosen strain rate for standard test was 0.001 s-1. Evaluated mechanical 
properties YS, TS and A50 are summarised in Figure 4a, Figure 4b) shows the engineering stress-strain 

Cold rolled 
500 °C/2h 
700 °C/2h 
950 °C/2h 

γ 

γ 

ε ε 
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curves. These results show that the best combination of tensile properties - TS, YS, and elongation - was 
reached by means of annealing the cold-rolled sheet from the new TWIP steel at 700 °C for 2 hours. Especially 
the value of yield strength - 453 MPa combined with the elongation of 57 % is very good for this type of TWIP 
steel. 

 
a) 

 
b) 

Figure 3 Mechanical properties of experimental TWIP steel: a) Comparison of mechanical properties of cold 
rolled and heat treated samples, b) Engineering stress-strain curves 

The samples annealed at 700 °C were further subjected to the tests with higher strain rate 500, 1000 and 
2500 s-1. Results of this test are shown in Figure 4. 

 
a) 

 
b) 

Figure 4 Results of the dynamic tensile tests: a) comparison of YS and TS at different strain rates, b) Stress-
strain curves at different strain rates 

4. CONCLUSION 

Microstructural and mechanical properties of the experimental heat of low carbon high manganese TWIP steel 
were studied. This steel shows austenitic microstructure in the annealed condition with the low volume fraction 
of ε martensite. Annealing of this steel at 700 °C for 2 hours (from cold rolled state) leads to very good 
combination of mechanical properties with 760 MPa of TS, 453 MPa of YS and 57 % of uniform elongation. 
This state shows very fine grained microstructure with grain diameter below 3.3 μm (Grain size = 13.5 
according to ASTM E112). The high strain rates tests show typical increasing of yield and especially the tensile 
strength up to 940 MPa at highest strain rate 2500 s-1 where the total elongation still reaches a good value of 
40 %.    
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Abstract 

The Selective Laser Melting (SLM) is an advanced technology of producing three-dimensional solid objects by 
3D printing from a digital file. The article deals with fatigue push-pull testing of SLM samples to determine the 
dependence of their fatigue characteristics on the orientation of laser melted layers to the loading axis, the 
hatch spacing of the laser beam and the surface roughness of 3D printed objects. The results revealed that 
the transverse orientation of layers (90° to the loading axis) led to a defect type of fracture and to a lower 
fatigue life than that exhibited by both the horizontal (0°) and inclined (45°) orientations. The standard hatch 
spacing led to a higher fatigue life than the reduced one. The samples with machined and polished surfaces 
revealed, due to their very small averaged surface roughness, a much better fatigue resistance than that 
exhibited by the as-built specimens. 

Keywords: Selective laser melting, fatigue properties, layer orientation, surface roughness 

1. INTRODUCTION 

The production of 3D printed objects is achieved using additive processes in which the object is built by laying 
down successive layers of material until the entire object is created. The material quality depends on the 
technology how the particles are brought and joined together in the fusion. The state of the fusion is crucial 
because the solid material (particles) are passing from solid state to the melted state and finally again into the 
solid state. Laser or electron beams are used as the power sources for metals [1, 2]. Machining of the materials 
is used as a standard technology improving the precision and quality of the sintered part. The properties and 
the extent of the surface layer depend on the process of plastic deformation, fracture and friction. In the case 
of SLM, an influence of the sintered material structure, the surface deformation and subsurface strain 
associated with individual material grains during the cutting process is also important [3]. 

While many studies have been carried out to investigate the influence of surface treatment on the mechanical 
properties and fatigue resistance of wrought and cast engineering materials and components, a significantly 
less number of similar studies was devoted to SLM fabricated parts. In some works, for example, the effect of 
SLM process parameters on microstructure and basic mechanical properties, surface quality and machinability 
of the stainless steel 316L was studied [4, 5]. This article aims to present results concerning the dependence 
of fatigue resistance on the orientation of laser melted layers to the loading axis, the hatch spacing of the laser 
beam and the quality of the surface of 3D printed objects made of the powder ultra-high strength die steel 
MARLOK® C1650. Although not all sintered surfaces can be finished by polishing, knowledge of surface and 
microstructural integrity is very important for high demanding parts like medical implants or aeronautical parts 
where the surface quality is a crucial factor. 

2. MATERIAL, FABRICATION AND FATIGUE TESTS 

The MARLOK® C1650 is a powder ultra-high strength die steel of very low carbon and increased N, Mo and 
Co contents. The size distribution of grains of the MARLOK® powder (Figure 1) was analysed by the electron 
beam microscope VEGA 3 TESCAN and program Particles. The mean grain size was of about 20 µm in 
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diameter. The system Concept Laser (SINTEF, Trondheim) was used for fabrication of all specimens. This 
SLM device was equipped with an Nd:YAG laser which produced the laser beam with a wavelength of 1064 nm 
in the continuous horizontal scanning mode. The spot diameter of the laser beam 15 µm was set in the range 
of 5 to 200 µm and the scan laser velocity was 600 mm/s. The specimens were fabricated with two different 
hatch spacings of the laser beam: the standard hs = 0.1050 mm and the reduced hr = 0.0525 mm. Three 
different orientations in the building chamber were prepared: horizontal (α = 0°), inclined (α = 45°) and 
transverse (α = 90°) - see Figure 2.  

 

Figure 1 Microstructure of the MARLOK® C1650 powder ultra-high strength steel 

Table 1 An overview of polished and as-built specimens and their markings 

 Polished samples As-built samples 

Hatch spacing 0.1050 0.0525 0.1050 0.0525 

Orientation 0°  45° 90° 0° 45° 0° 0° 

Marking of samples A1 A2 A3 B1 B2 B3 C1 C2 D1 D2 D3 E1 E2 E3 F1 F2 F3 G1 G2 G3 

The CNC machining was done using the turning centre SPN 12 and the Sinumerik 840D control system. 
Rounded cutting inserted ISCAR GIMY 315-UN IC8250, tool holder TGDL 2525-3M and a special chuck for 
precise clamping and support. Cutting speed was of 100 m / min, feed per revolution of 0.02 mm and a shallow 
depth of cuts of 0.2 mm and an intensive outer cooling was done with emulsion CIMCOOL CIMSTAR 597. 
After turning, all samples were ground with abrasive belts of 400 and 600 µm grit grade and polished with a 
fine felt and diamond pastes Struers of grain size 5.0, 2.0, 1.0, 0.25 µm to get a glossy appearance. An 
overview of markings of such fabricated specimens along with those as-built (without any surface treatment) 
is displayed in Table 1. 

The surface quality of each sample was investigated with the Alicona Infinite Focus G4 microscope prior to the 
fatigue testing. The 3D pictures of the surface topology were constructed and the surface roughness Ra (the 
arithmetic average of microscopic peaks and valleys) was determined.  

The servohydraulic dynamic testing machine Instron 8874 was used for fatigue loading of samples by harmonic 
cycles with the frequency of 0.2 Hz in the push-pull regime (cyclic ratio R = -1). Three different nominal stress 
amplitudes σa = 589, 668 and 756 MPa were applied in each series of samples A, B, D, E F and G. Only two 
amplitudes σa = 589 and 756 MPa were employed in the case of C specimens due to their defect fracture 
behaviour. 
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Figure 2 Orientation of the SLM samples 

3. RESULTS AND DISCUSSION 

Examples of 3D surface topography of polished and as-built samples are depicted in Figure 3. The surface of 
the polished specimens with standard hatch spacing exhibited a very smooth topology (Ra = 0.2 μm) - see 
Figure 3a. The polished specimens with reduced hatch spacing revealed a higher surface roughness, typically 
Ra = 0.6 μm. On the other hand, the roughness of as-built specimens with standard hatch spacing F3 was 
much higher, typically Ra = 2.6 μm - see Figure 3b. The roughness of as-built specimens with reduced hatch 
spacing could even reach Ra = 18 μm.  

    

Figure 3 Surface topology of (a) specimen A1; (b) specimen F3 

Fatigue data of all investigated samples are summarized in Table 2 in terms of the applied stress amplitude 
σa and the number of cycles to fracture Nf and the related S-N curves are plotted in Figure 4. There is no 
significant difference in fatigue resistance of polished samples A and B with horizontal (α = 0°) and inclined 
(α = 45°) orientation, respectively. The same holds for the polished samples D and E. Thus, only two S-N 
curves for polished samples with standard (A+B) and reduced (D+E) hatch spacing are displayed in Figure 4. 
One can see that the fatigue resistance of the A+B samples is better than that of the D+E ones. This 

(a) (b) 
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corresponds to the fact that the averaged surface roughness of the A+B specimens was smaller than that of 
the D+E ones. Only one S-N curve for as-built specimens (F+G) is plotted in Figure 4 since the difference in 
fatigue life between the as-built samples with standard and reduced hatch spacing was negligible (within the 
scatter range). Fatigue resistance of these specimens is much lower than that of the polished ones which also 
well corresponds to a very high surface roughness of as-built samples. Indeed, the surface was a highly 
preferential crack initiation site of all A, B, C, D, E, F and G specimens - see Figure 5a.  

Table 2 Fatigue resistance of investigated specimens 

 Applied stress amplitude 

σa [MPa] 

Number of cycles to fracture 

Nf 

A1 756 16 704 

A2 668 21 892 

A3 589 37 988 

B1 756 6 065 

B2 668 22 530 

B3 589 13 357 

C1 756 6 860 

C2 668 108 

D1 756 5 283 

D2 668 10 739 

D3 589 12 177 

E1 756 6 150 

E2 668 2 950 

E3 589 19 600 

F1 756 2 382 

F2 668 3 477 

F3 589 3 938 

G1 756 1 795 

G2 668 3 077 

G3 589 8 026 

On the other hand, the fatigue life of polished samples C with the transverse orientation was very small and 
the fracture occurred in between the clamping jaws (outside the measured length). The fracture surfaces of 
these specimens exhibited a defect morphology consisting of smooth intergranular facets indicating 
decohesion between non-sintered particles - see Figure 5b. This indicated that the crack initiation sites were 
in the specimen bulk at the intergranular pores and along the overlapping laser tracks (inter-layer bands), here 
oriented perpendicular to the direction of applied load.  

The averaged values of fatigue life Nf for specimens A+B (polished, standard), D+E (polished, reduced) and 
F+G (as-built) can also be plotted without any reference to the applied stress amplitude as shown in Figure 6. 
Here the differences between the averaged fatigue life of individual types of samples are even more evident 
than it was in Figure 4. 
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Figure 4 S-N curves for polished and as-built specimens 

     
Figure 5 Fracture surface of (a) specimen A2, crack initiated at the surface (left bottom); (b) specimen C2 

 

Figure 6 Averaged values of fatigue life Nf for polished and as-built specimens without any reference to the 
applied stress amplitude 

(a) (b) 
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4. CONCLUSIONS 

The fatigue resistance of 3D printed objects made of the powder ultra-high strength steel MARLOK® C1650 
to push-pull loading was studied in dependence on the orientation of laser melted layers to the loading axis, 
the hatch spacing of the laser beam and the quality of the surface. The main results of this analysis can be 
briefly summarized in the following points: 

(i) Machining and final polishing of samples with horizontal (α = 0°) and inclined (α = 45°) orientations led 
to a much better fatigue resistance than that revealed by the as-built samples without any surface 
treatment. Fatigue cracks in all these samples initiated on the specimen surface.  

(ii) There was no clear difference between the fatigue resistance of polished samples with horizontal (0°) 
and inclined (45°) orientations to the loading axis. 

(iii) The fatigue resistance of polished samples with the transverse (α = 90°) orientation was very small. The 
fatigue cracks initiated in the specimen bulk at intergranular pores and along overlapping laser tracks 
(inter-layer bands). 

(iv) The resistance of polished samples with horizontal (0°) and inclined (45°) orientations and standard 
hatch spacing was higher than that of the specimens with reduced hath spacing. The reason could be 
found in a higher surface roughness of the latter specimens. 

In general, the polishing of specimens led to a significant improvement of fatigue life. The polished samples 
with the standard hatch spacing exhibited the highest fatigue resistance. On the other hand, the fatigue life of 
polished specimens was substantially reduced by the transverse orientation of layers and the reduced hatch 
spacing. 
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Abstract  

The most negative effect of cavitation is the destruction of the solid surface by micro-jets impact or shock 
waves generated by implosion or explosion of cavitation bubbles. It is present in all hydro-mechanical 
equipment where the pressures fluctuate which lead to the appearance and development of these bubbles, as 
a result of the flow section changing. 

The paper analyses the behaviour and resistance to vibrating cavitation of grey cast iron with pearlite 
microstructure, used for manufacturing of components and shutters valves with metal-metal sealing. The 
experiment is performed on a standard vibrator device, and the evaluation is made based on microstructural 
images of eroded surfaces and by comparing the curves and specific parameters with those of quality carbon 
steel C45, which has in annealed state mechanical properties close of this grey cast iron. 

Keywords: Grey cast iron, ultrasound cavitation, microstructure 

1. INTRODUCTION  

Comparing with the steels, cast irons with lamellar graphite are characterized by a high vibration damping 
capacity. Therefore, they are mainly used for execution of the components which are mechanically vibrated 
during exploitation. Their mechanical properties depend on the size, quantity and distribution of graphite 
lamellar and the nature of the base metal mass. Because of the graphite, the cast irons have a high wear 
resistance, good machinability in cutting, good thermal shock resistance and a great casting capacity. Among 
other things, grey cast irons with pearlite microstructure are used in valves and valve bodies, but for large 
sizes, also by the shutter body which can be a drawer plan (Figure 1a) or a flat disk/valve(Figure 1b) . 

 
              -a-                                                               -b- 

Figure 1 Examples of areas subjected to cavitation erosion a - slide valve with plane shutter, b - valve disc 
with plane shutter  
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During operation of these components, significant material losses can appear due to loads generated by the 
solid surface impact with the micro-jets and shock waves produced by the cavitation bubbles implosion from 
the hydrodynamic field [1 - 6]. 

The present work aims to establish the anti-cavitation performances of a cast iron with pearlitic microstructure 
used for execution of some casted parts from the machinery and hydraulic equipment componence [6]. 

2. RESEARCH METHODOLOGY 

The investigated material was a cast iron EN-GJL-200 which, after the stress annealing heat treatment at 525 
± 10 ° C, has the following mechanical base characteristics values: tensile strength Rm = 247 MPa and Brinell 
hardness HB = 165 daN /mm2. It is used for casting of disc shutter and valve bodies whose wall thickness is 
between 5 ... 80 mm. 

As material for comparison was used a C45 carbon steel heat treated by annealing for softening with the 
following mechanical characteristics: HB = 163, Rm = 572 MPa, yield stress Rp0.2 = 304 MPa, elongation El. 
5 = 26 %, reduction of area Z = 49 %, rapture toughness KCU = 42 J / cm2. 

Cavitation experiments were performed on three sets of samples in drinking water from the public network on 
standard vibrating equipment with piezo-ceramic crystals from the Cavitation Laboratory of the University 
Politehnica Timisoara in strict accordance with international norms ASTM G32-2010 [6]. The test duration, as 
the laboratory methodology requests, was 165 minutes, being divided in 12 periods of 5, 10 and 15 minutes 
[7]. The performing test procedure by samples preparation, mass loss measuring, recording, processing and 
interpretation of experimental data are specific to the laboratory and meets the international standard [4 - 6]. 

3. EXPERIMENTAL RESULTS 

Optical microscope metallographic examination of the analysed cast iron (Figures 2a, b) shows a 
microstructure composed of a lamellar pearlite matrix arranged in the form of colonies with different dispersion 
grades of the two constituent phases (Figure 2b), rare phosphorous eutectic islands and graphite inclusions 
with random distribution (Figure 2).  

            
-a-                                                                  -b- 

Figure 2 Microstructure of grey cast iron, EN-GJL-200: a and b represent lover and greater magnification. 
Etching, NITAL 3% 
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Diagrams from Figures 3 and 4 present the experimental results of the cavitation test, expressed by the values 
obtained for the mass loss (M) and erosion rate (v) at various attack duration, approximated by analytically 
drawn curves with exponential equations in the form of [6]: 

M(t) = At(1-e-Bt), respectively v(t) = A(1-e-Bt) + ABte-Bt      (1) 

The parameters A and B are statistically established. 

 
Figure 3 Variation in the duration of an attack cavitation eroded mass vibratory 

 
Figure 4 Variation of erosion rate with the cavitation attack duration 

The reduced dispersions of the experimental points towards the mediation curves M(t) and v(t), which 
characterize the cast iron with pearlitic microstructure (the curves labelled with 1, Figure 3) demonstrate that, 
as the graphite does not significantly influence the hardness, the attacked surface suffers a constant 
degradation. However, due to the stress concentration effect given by the lamellar graphite, the mass losses 
of the cast iron tested for 165 min are with approx. 112 % higher than specific to the C45 steel (Figure 3). 
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In the erosion rate diagram from Figure 4, there is an overlap of the experimental points at certain exposure 
times (45, 60, 105, 120, 150 and 165 minutes), which shows the quite similar behaviour of the three samples 
at specific cavitation attack duration. Both the experimental data points dispersion, and the evolution mode of 
the mediation curves, according to the data from literature about the behaviour of the material to the cavitation 
attack [3, 5 - 6] shows that the microstructure is beneficial to the parts subjected to low intensity cavitation, 
such as disc and the valve body at certain operating conditions (opening angle of the shutter disk) during the 
flow control stage. 

From the comparison with the C45 steel (curve 2, Figure 4) results that the erosion rate (according to the 
value which tends to stabilize (parameter vs)) increases with about 128 %. 

Table 1 exemplifies the samples surface images of the two metallic alloys, affected by cavitation after two 
values of the attack duration, so that selected to highlight the changes caused by the impact with micro-jets 
and shock waves developed by the hydrodynamic cavitation mechanism [4]. 

Table 1 Macro-graphs of the eroded surface 

MIN 0 90 165 

Grey cast iron EN-GJL-200 

   

Steel C45 

 
  

From Table 1 clearly shows, that during 
increasing the cavitation attack duration 
the eroded area becomes wider and the 
caverns more profound. They confirm that 
the analysed cast iron has a lower 
cavitation erosion resistance compared 
than of the C45 steel. 

Roughness profile-grams (Figure 5 and 
Figure 6) recorded with a Mitutoyo SJ 
201P device, achieved in random areas 
on one of each set of the three samples, 
showing an uniformity of the erosion depth 
(in 4 mm of length). By cast iron samples, 
all the roughness values are over two 
times higher than those specific to C45 
steel. These results are in accordance with previous findings referred to the analysis of the experimental data 

Figure 5 Roughness profile-grams, cast iron EN-GJN-200 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

989 

points variance towards the mediation curves M(t) and v(t) and are a consequence of the negative effect of 
the graphite lamellar on the cast iron mechanical resistance. 

 
Figure 6 Roughness profile-grams of steel C45 

The metallographic examination of the cavitated samples cross-sections for the for 165 min. (Figure 7) 
demonstrates that the initiation of the sample degradation occurs on the interface graphite-pearlite, the cracks 
extending over the entire length of the graphite lamellar and subsequently penetrating to the base metal. 

 

Figure 7 Microstructure of the cavitated sample cross section cavity for 165 min. Etching, NITAL 3% 

4. CONCLUSIONS 

1) The cavitation erosion resistance of the pearlitic cast iron EN-GJL-200 heat treated by stress relieving 
annealing at 525 ± 10 °C and defined by the mass loss rate is approx. 1/4 from of the annealed C45 
carbon steel. 
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2) The surface roughness values of the cast iron samples after 165 min. cavitation attack are over 2 times 
greater than of the annealed C45 steel samples. 

3) The structural degradation is initiated on the interface between the non-metallic constituent (graphite) 
and the pearlite matrix and it is developed through the fragmentation and removal of graphite lamellar 
that acts as stress concentrators. 
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Abstract 

The steels with high chromium content are known to suffer embrittlement at elevated temperature induced 
either by decomposition of the microstructure into two arranged solid solutions α+α´ (embrittlement at 475 °C) 
or by precipitation of chromium-rich brittle phase . Martensitic precipitation hardening steels belong among 
materials having chromium content close to the minimum embrittlement concentration and in some 
circumstances there could be possibility of prolonged exposure of these steels at elevated temperatures. The 
effect of long-term ageing (1.000, 2.000 and 3.000 hours at 475 °C) on the material properties, microstructure 
and substructure of precipitation hardening martensitic stainless steel CUSTOM 465 was analysed and the 
additional precipitation of very fine particles of intermetallic phases and also decomposition of solid solution α 
into chromium-rich particles of the phase α´ with nanometric size was found. Despite expectations a slight 
decrease of strength and impact energy was detected after ageing at 475 °C as a result of stabilization of 
reverted austenite, which completely compensated the effect of the additional precipitation hardening of 
martensite. The total content of reverted austenite even doubled after ageing in comparison with the as-
received state, although the ageing temperature was significantly lower than the temperature Ac1 of the steel. 

Keywords: Precipitation hardening steel, CUSTOM 465, long-term ageing, mechanical properties, reverted  
        austenite 

1. INTRODUCTION 

The selection of materials for the extremely demanding operating conditions such as components of landing 
gear has been ultra-high tensile strength (UHTS) steels such as AISI 4340 and derivatives including 
35NCD16THQ and 300M. These low-cost materials provide excellent tensile strength, fatigue resistance, and 
good fracture toughness [1], but their disadvantage is poor corrosion resistance. The recent development of 
high-performance structural stainless steels offers a promising alternative material, precipitation-hardened 
corrosion-resisting steels that have tensile properties approaching the current UHTS steels and moreover 
provide excellent corrosion resistance. One of these new steel grades is CUSTOM 465 with comparable tensile 
strength and fracture toughness, better ductility, and very good general corrosion and stress corrosion cracking 
resistance. As it belongs to the group of high chromium steels that are known to suffer embrittlement at 
elevated temperature, the aim of the presented work was to analyse the effect of long-term ageing (1,000, 
2,000 and 3,000 hours at 475 °C) on the material properties and microstructure changes. 

2. STEEL CUSTOM 465 AND ITS PROPERTIES 

CUSTOM 465 is a trademark of Carpenter's steel grade; it is martensitic precipitation hardenable stainless 
steel for use in demanding applications, such as air transport or oil and gas extraction where a tensile strength 
of more than 1380 MPa is required. A unique combination of high strength, toughness, fatigue strength and 
corrosion resistance is obtained after ageing of low carbon martensite in the temperature range from 537 to 
593 °C. Originally, it was developed for main landing gear of large aircrafts, but it is also used for high-pressure 
pump components and drilling rigs in oil and gas extraction under extreme conditions, on steam turbine parts, 
as well as in surgical instruments [2]. 
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The steel is based on 11 % Ni and 12 % Cr and is also alloyed with Mo and Ti. The strengthening mechanism 
then involves martensitic phase transformation, followed by a strengthening precipitation of hexagonal Ω-
phase needles and orthorhombic Ni3(Ti,Mo) plates. Precipitation introduces strain into the martensitic lattice, 
and thus it increases strengthening of the alloy. The maximum strength occurs well before precipitates become 
visible via light optical microscopy. Higher ageing temperature increases the toughness, but at the same time 
lowers strength. Reverted austenite that occurs in the structure during ageing also plays a significant role in 
the ductility improvement of the alloy. All these microstructural features give CUSTOM 465® steel its superior 
strength and toughness. The steel is delivered in four different degrees of strength corresponding to ageing at 
510 °C (H 950), 525 °C (H 975), 535 °C (H 1000) and 565 °C (H 1100). 

3. 475 °C EMBRITTLEMENT 

Embrittlement at 475 °C occurs in Fe-Cr based alloys containing from 12 to 70 wt. % Cr and may significantly 
change properties of steels that have been exposed for a long time between 425 and 550 °C. This 
embrittlement is accompanied by increased hardness and ductile-brittle transition temperature. The reason for 
this embrittlement is the existence of immiscibility gap area in the binary phase diagram of Fe-Cr, where at a 
temperature of below 550 °C the solid solution α decomposes into areas rich in chromium (α ') and chromium-
depleted area, see Figure 1 [3]. Phase α' is non-magnetic and contains from 61 to 83 wt. % Cr and has a cubic 
space-centered lattice [4]. The solid solution α transforms either by spinodal decomposition or by nucleation 
and the growth of the α' phase [5, 6]. The rate and extent of embrittlement is a function of chromium content; 
at least 100 hours of temperature exposure is required for embrittlement of low and medium Cr-containing 
steels, while high chromium alloys may exhibit loss of ductility and toughness at shorter times, e.g. in duplex 
steel, it may become brittle even after 15 minutes of exposure at 475 °C [6]. 

 
Figure 1 Binary Fe-Cr diagram with miscibility gap and decomposition of solid solution α [3] 

Alloying elements (Mo, Co, Cr, Si, Nb, Al, Ti and P) accelerate the start of embrittlement at 475 °C, similarly 
as cold deformation that promotes the formation of the α'-phase. Embrittlement results in a significant reduction 
of corrosion resistance, possibly due to the selective attack of iron-rich ferrite. Embrittlement can be removed 
by short-term heating to a temperature in the range from 550 to 600 °C, where mechanical properties and 
corrosion resistance are restored to a level corresponding to the initial state [4]. 
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Steel CUSTOM 465 has chromium content close to the lower limit, which is considered to be critical for the 
possibility of solid solution decomposition and developing of 475 °C embrittlement during long-term annealing 
at temperatures in the range of about 425 to 550 °C. Table 1 shows the effect of exposure for 1,000 hours at 
temperatures 316, 371, 427 and 482 °C on mechanical properties of CUSTOM 465 steel that was initially aged 
at 535 °C [7]. Long-term exposure at temperatures 371 and 427 °C was accompanied by mild secondary 
hardening and a gradual decrease of the impact toughness. However, exposure at temperature 482 °C 
indicates a decrease in strength properties while increasing the impact toughness. 

Table 1 Effect of long-term ageing on mechanical properties of steel CUSTOM 465 at room temperature 7 

Ageing 
Rp0.2 Rm A5 KV 

[MPa] [%] [J] 

316 °C / 1.000 h 1510 1600 18 41 

371 °C / 1.000 h 1558 1655 16 34 

427 °C / 1.000 h 1579 1689 15 24 

482 °C / 1.000 h 1448 1531 20 43 

In order to study the influence of long-term annealing of CUSTOM 465 steel at 475 °C, a detailed analysis of 
mechanical properties and structure after annealing for 1.000, 2.000 and 3.000 hours was carried out. 

4. EFFECT OF LONG-TERM ANNEALING ON PROPERTIES OF CUSTOM 465 STEEL 

4.1. Experimental material and its properties in as-delivered state 

Analysis was performed on the forged rod of Ø 140 mm made from CUSTOM 465 steel. The rod was quenched 
into oil from 982 °C and further chilled at -80 °C and then age hardened at 524 °C for 8 hours. The chemical 
composition and mechanical properties of the steel are stated in Tables 2 and 3 together with transformation 
temperatures Ac1, Ac3 and Ms. 

Table 2 Chemical composition of experimental material [wt. %] 

C S P Mn Si Ni Cr Mo Ti Al V W Cu 

0.01 0.001 0.006 0.01 0.048 10.82 11.07 0.93 1.55 0.054 0.003 0.006 0.57 

Table 3 Mechanical properties and transformation temperatures 

Rp0.2, [MPa] Rm, [MPa] A, [%] Z, [MPa] HV 30 KV, [J] Ac1, [°C] Ac3, [°C] Ms, [°C] 

1531 1617 11.3 44.0 500 18 589 738 131 

Despite the high nickel content, the Ac1 temperature is relatively high and lies about 50 °C above the 
recommended maximum age hardening temperature. This would, provided that there are no significant 
segregations in the steels, be sufficient to prevent the partial reaustenitization of the matrix during age 
hardening. The microstructure was formed by lath martensite with dark segregation bands; see Figure 2 on 
the left. The original austenitic grain size was G = 6. Light particles of austenite were detected inside these 
segregation bands (Figure 2 on the right). The morphology of the particles suggested that they were reversed 
austenite formed due to segregation and local enrichment of nickel, which could significantly reduce the 
temperature Ac1. X-ray diffraction analysis found that in the CUSTOM 465 martensitic matrix after age 
hardening was about 6 - 7 wt. % of austenite, which was approximately about 4 wt. % more than immediately 
after chilling. 
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Figure 2 Microstructure of the steel CUSTOM 465, left - overall view, right - detail of reversed austenite 

It was found by using EDX microanalysis and electron diffraction on the carbon extraction replicas and thin 
metal foils that intensive precipitation of nanoparticles started in the martensite during age hardening of the 
steel CUSTOM 465 at 524 °C, namely: 

 MX (TiX) titanium rich particles containing Mo, but the frequency was low, 
 particles containing Ti and Ni (Ni3Ti phase), which was the most important minority phase, 
 complex, coarse particles M6X phase containing Mo, Ti, Cr and Fe situated mainly along the original 

austenite grain boundaries. 

4.2. Mechanical properties and microstructure of CUSTOM 465 steel after ageing at 475 °C 

The changes of mechanical properties at room temperature after ageing at 475 °C for 1,000, 2,000 and 3,000 
hours are shown in Figure 3. These figures show a gradual, more or less smooth decreasing of yield strength 
and ultimate tensile strength (UTS) during ageing, but the total strength lowering of the steel CUSTOM 465 
after 3.000 hour´s exposure was only 10 % in yield strength and 8 % in case of UTS. On the other hand, 
plasticity (elongation as well as reduction of area) increased after 1.000 hour´s exposure and then remained 
practically the same. Impact energy KV kept practically the same for the whole ageing time. 

  

Figure 3 Change of proof stress, tensile strength, elongation, reduction of area and impact energy (KV) 
during ageing at 475°°C 

Bright islands of the reverse austenite were found in the microstructure of the steel also after ageing at 475 °C 
for 3.000 h, were of irregular shape and size up to several tens of microns and appeared predominantly in the 
segregation bands, see Figure 4. The frequency and size of particles of the reversed austenite in the 
segregation zone was much greater than in the surrounding matrix and the total reversed austenite content 
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increased up to 11-12 wt. %. The heterogeneous distribution of reversed austenite in aged martensite has a 
direct relationship with segregation during solidification of the steel. The average nickel concentration 
determined by the EDX spectral microanalysis in the segregation bands was 12.5 wt. %, while in the 
surrounding matrix it was only 9.7 wt. %. 

   

Figure 4 Microstructure (left) and phase distribution map (right) of reversed austenite (red spots) of the steel 
CUSTOM 465 after ageing at 475 °C for 3,000 h 

Analysis of the substructure after long-term ageing revealed the following changes in comparison to the as-
received state in the steel CUSTOM 465, see Figure 5: 

 the increase of molybdenum content in TiX phase, 
 the additional precipitation of the Ni3Ti particles was confirmed after ageing at 475 °C; but no signs of 

the coarsening of this phase were found, 
 very fine particles (about 10 nm) of chromium-rich phase were detected, which can be presumed to be 

the products of decomposition of the solid solution . The exact chemical composition of these particles 
was not possible to analyse due to their very fine size. 

   
Figure 5 Precipitation in the martensitic matrix of the steel CUSTOM 465 after ageing at 475 °C / 3,000 h, 

extraction carbon replica 
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5. CONCLUSIONS 

The analysis of material properties, microstructure and substructure of precipitation-hardening steel Custom 
465 revealed that: 

1) Ageing of the steel at 475 °C for 1.000, 2.000 and 3.000 hours was accompanied by a gradual decrease 
of strength and increasing of plasticity. On the other hand, notch toughness almost did not change. 

2) During ageing at 475 °C the additional particles of intermetallic phases precipitated and the solid solution 
α decomposed into the chromium-rich particles of nanometric size. Chromium-rich particles were, 
however, small and they did not significantly affect the precipitation hardening. 

3) Ageing at 475 °C had also stabilizing effect on the reversed austenite and its content even increased 
during ageing. 

4) The effect of additional precipitation hardening in martensite during ageing at 475 °C was compensated 
by the formation of the reversed austenite with lower strength and high toughness. 
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Abstract 

Extending the application area of Duplex stainless steels has led to the necessity of creating components or 
structures made of dissimilar materials. Due to the differences in the microstructure, the welding of the 
dissimilar steels is more difficult than that of similar steels. 

The research carried out in the current paper focuses on the particularities of completing the heterogeneous 
welded joints between a Duplex stainless steel and a Cr-Mo low alloy steel using as additional material an 
electrode wrapped in E 309MoL - 16, which contains approx. 23 % Cr, 12 % Ni and 2%Mo. The implementation 
of this welding technology focuses on eliminating the technological operations of preheating and post welding 
heat treatment, which is mandatory for welding low alloy steels sensitive to hardening through martensitic 
transformation and cold cracking respectively. Based on the Schäffler model a prediction of the metal 
microstructure deposited by welding is carried out and the quality of the joints made is carried out by 
metalographical investigations. 

Keywords: Welding by melting, dissimilar steels, microstructure 

1. ISSUES OF EXECUTING WELDED JOINTS OF DUPLEX STAINLESS STEEL - LOW ALLOY STEEL 

Duplex stainless steels have a microstructure made of approximately equal quantities of austenite and ferrite. 
During the welding operations, the ferrite content increases and the precipitation of chromium nitrides is intense 
at very low values of the linear energy. On the other hand, at higher values of the linear energy and/or by long-
term exposure to high temperatures, between 600 and 1000C, it causes the precipitation of the  and  fragile 
intermetallic phases [1,3,5].Generally, the welding specifications must be designed so as phases ratios 
(ferrite/austenite ratio) close to 1:1 are obtain and the precipitation of the  and Cr2N phases are avoided by 
controlling and limiting the linear energy within the range of 5 - 21 kJ/cm [2,3]. Extending the application area 
of steels has led to the necessity of creating components or structures made of dissimilar materials [4]. 
Generally, the welding of the dissimilar steels is more difficult than that of similar steels, due to the differences 
in their microstructure [2].Thus, low alloyed steels need a preheating for welding, a relatively slow cooling of 
the welded seams and a post welding thermal treatment for high tempering or annealing for stress relieving. 
The Duplex stainless steels are welded to the extent possible without preheating; the seams must be cooled 
down under controlled conditions, and, for large mechanical constructions, the post welding heat treatments 
can only be executed locally. The heterogeneous welded joints need a high toughness of the deposited metal 
and a tough heat affected zone, without cracks. Therefore, due to the differences in the microstructure and 
alloy grade, these steels will be welded by taking special precautions. When passing from the high alloyed 
Duplex steel to low alloyed ferritic steel, the formation of a fragile area, e.g. with a martensitic structure must 
not be allowed, even if a large martensitic structure field is located between the two fields, on the 
Schäfflermodel.The heat affected zone (H.A.Z.) in both base materials does not represent an issue 
characterizing these types of joints, as it also occurs to welded material having the same chemical composition. 
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2. EXPERIMENTAL PROCEDURE 

Original welding conditions: 

 definition of the joint: heterogeneous 
 base metals: Duplex stainless steel sheet with low alloyed steel sheet 13CrMo4-5 (EN 10028-2),  

s = 8 mm; 
 joint type: butt seam penetration; 
 weld thickness: 8 mm;  
 welding position: horizontal PA.; 
 welding technique: manual, arc welding; 
 filler material: E 309MoL-16 wire (acc. AWS A5.4); 
 electrode diameter: ds = 2.5mm. 

The welding was carried out in horizontal position, PA/SRENISO 6943/2000 position. The joint preparation, 
the positioning of the components and the outside appearance of the executed joint are presented in 
Figures 1, 2 and 3. Butt seam penetration joint was carried out, with the access from the side. 

The welding was carried out with 3 passes, 1 deep pass and 2 filling passes with the following technological 
welding parameters: - average welding current, 85 A; - arc voltage, 26 - 28 V; - welding speed, vs = 17-19 
cm/min; - linear energy, 7.5 - 7.8 kJ/cm; 

 
    Figure 1 Shape and size of the welded joint                        Figure 2 Location of the passes in the joint 

In accordance with Figure 2, the joint was filled by 2 passes, and the temperature between two consecutive 
passes was limited to 200C. The quality of the welded joints was assessed by means of macro- and 
micrographic analyses, as well as by means of sclerometer tests. 

 
Figure 3 Temporary attachment and the outside appearance of the heterogeneous welded joint 

3. CHEMICAL COMPOSITION AND PREDICTION OF DEPOSITED METAL MICROSTRUCTURE 

A good compatibility between the basic metals and the filler material must assure the formation of an adequate 
microstructure, without metal continuity defects and without any hard and fragile phases. This is the reason 

X2CrNiMoN22-5-3 

13CrMo4-5 
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why the selected filler material, the electrode wrapped in E 309 - 16 has a chemical composition close to the 
one of the basic metal with the highest alloy grade. The dilution of the high alloyed filler material with both base 
metals and, mainly, with the low alloyed 13CrMo4-5 steel is extremely important, i.e. it must partly compensate 
the differences in the chemical composition. The main issue for the selection of the filler material aimed to 
obtain highly toughness welded joints and without cracks.The most important mean assisting in understanding 
of the processes taking place during the welding of these materials, respectively in predicting the 
microstructure of the rough welded deposited metal is the Schäfflermodel (Figure 4). 

 
Figure 4 Prediction of deposited metal microstructure by manual arc welding of 13CrMo4-5 low alloyed steel 

with Duplex X2CrNiMoN22-5-3 stainless steel using the E 309MoL-16 electrode as filler material 

The chemical composition of the materials that were used for the welded joint execution is shown in Table 1. 

Table1 Chemical composition of materials used 

Type of material Chemical composition, % mass 

C Mn Si P S Cr Ni Mo Cu N 

Base metal, X2CrNiMo22-5-3 0.026 1.86 0.74 0.019 0.014 22.2 5.10 2.94 - 0.16 

Base metal, 13CrMo4-5 0.11 0.59 0.32 0.021 0.022 0.94 - 0.51 0.18 - 

Filler material, E309MoL-16 0.024 1.06 0.75 0.019 0.015 22.96 12.8 2.35 - - 

The values of the chromium equivalent and nickel equivalent defining the nominal characteristic point (A1 for 
13CrMo4-5 steel, B1 for X2CrNiMoN22-5-3 Duplex stainless steel and C1 for E 309MoL-16 filler material) were 
calculated on the basis of these data. During manual arc welding, the fact that the dilution is 20-30% must be 
taken into consideration. Accepting that equal parts of the 13CrMo4-5 steel, as well as of the  
X2CrNiMo22-5-3 stainless steel will be melted, is arises that the deposited metal will combine with the D1 alloy 
made of half of the low alloyed steel and half of the high alloyed steel. Connecting the points D1 and C1 by a 
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straight line and taking into consideration the dilution ratio, we will find that a deposited austenitic metal with a 
share of approx. 15 % ferrite δ is obtained, presenting an increased safety against hot cracking. If the dilution 
ration is higher, for example 30% (the area of the welded root), the deposited metal will comprise approx. 14% 
ferrite δ, and, at a dilution ratio of 50%, the limit of 12% ferrite δ will be reached and, therefore, the hot cracking 
hazard is eliminated. 

4. MACRO- AND MICROGRAPHIC ANALYSIS OF WELDED JOINTS 

The macrographic image in Figure 5 shows the shape and width of the characteristic areas of the welded 
joints, as well as the absence of crack-type metal continuity, slag deposits, pores etc. 

 

 

Figure 5 Macrogeometry of the welded joint 

The results of metallographic tests (Figures 6 to 8) performed on samples collected perpendicularly on the 
longitudinal axis of the weld confirm the predictions given by the Schäffler model. Thus, the welded seam 
shows a dendritic structure comprising austenite and a ratio of 12 - 16% of ferrite δ (Figure 6) preventing hot 
cracking. The base Duplex stainless steel shall show a microstructure made of approx. 40 - 42 % austenite 
and 58 - 60 % ferrite (Figure 7a) in the overheating subzone of the heat affected zone (H.A.Z.). The 
solidification process sets in on the walls of the crystals of both base metals that remained in a solid state, and 
the increase size of the grains is epitaxial. In the area adjacent to the Duplex stainless steel fusion line, the 
heat from welding led to solution treatment of secondary phases particles and a slight increase in the size of 
crystal grains (Figure 7a).  

By contrast, the overheating subzone of the heat affected zone (H.A.Z.) of the steel with the point of 
transforming in solid state is characterized by a heterogeneous ferritic-bainitic-martensitic microstructure 
(Figure 7a) mainly determined by the heterogeneous characteristics of the dilution. 

           
- a -                                                                   - b - 

Figure 6 Welded seam: a - root layer; b - filling layer 

X2CrNiMoN 22-5-3 13CrMo 4-5 
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..      
-a-                                                                      -b- 

Figure 7 DM - BM Interface; a - weld + low alloyed steel; b - weld + Duplex stainless steel 

         
-a-                                                                    -b- 

Figure 8 Base metals: a - low alloyed steel; b - Duplex stainless steel  

The two base metals that are not affected by the welding process have a microstructure made of alloyed ferrite 
+ bainite + pearlite (Figure 8a -13CrMo4-5 steel), respectively austenite + ferrite (Figure 8b -X2CrNiMoN22-
5-3 steel). It must also be noted that no porosities or bubbles were found in the laid metal, not on the interface 
between this and the basic metals, or micro-cracks or other defects of metal continuity. 

5. SCLEROMETRIC TESTS ON THE WELDED JOINTS 

As the hardness values are the most sensitive values to the microstructural changes due to the thermal welding 
cycle, these tests were performed on samples collected perpendicularly on the welded seam. 

 
Figure 9 Hardness distribution on the cross-section of the welded joint 
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Figure 9 presents the hardness gradient on the section of the welded joint on two measurement directions, 
comprising all its characteristic zones. 

The Duplex base metal has hardness values of HV = 270...280 daN/mm2, corresponding to an austenitic-
ferritic microstructure.The thermal influenced zone of the 13CrMo4-5 basic metal, adjacent to the fusion line, 
shows a slight increase in hardness, up to values of HV = 260...270 daN/mm2, due to the relatively high 
hardenability of this type of steel. Finally, the 13CrMo4-5 base metal has hardness values of HV = 235...245 
daN/mm2, corresponding to the normalizing thermal treatment, followed by a high tempering treatment before 
welding. 

CONCLUSIONS  

The execution of heterogeneous welded joints between 13CrMo4-5 and X2CrNiMoN22-5-3 steel by manual  
arc welding using the electrode wrapped in E 309MoL-16 as filler material is opportune and gives important 
technical and economic benefits, mainly due to a good quality of the welding and a high flexibility in performing 
the process. For basic materials with a thickness of 8 mm and an electrode with a diameter of 2.5 mm, the 
optimum parameters values of the welding process are:  

Is = 85 A; Us= 26...28 V;  vs = 17...19 cm/min. 

The prediction of the metal microstructure laid by welding by means of the Schäffler model, together with the 
results of the micrographic analysis esperformed on the samples collected from welded joints demonstrates 
the existence of a dendritic structure comprising austenite with a ratio of 12...16% ferrite δ that shall prevent 
the hot cracking phenomenon.  

As the 13CrMo4-5 steel has a relatively high hardenability, due to alphagene alloying elements (Cr, Mo) 
generating carbons, a heterogeneous austenite will be obtained in the thermal influenced zone, which, which, 
by quick cooling, will lead to the local formation of martensitic colonies with high carbon content  and hardness 
values of HV = 260...270 daN/mm2 . 
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Abstract 

This paper concerns computer analysis of stress states and numerical prediction of the formation of 
deformations in T-joint welded by a laser beam technique. Numerical analysis of thermomechanical 
phenomena are carried out in Abaqus / FEA commercial engineering software, which is based on finite element 
method (FEM). Three dimensional discrete model is created in the design module of Abaqus / CAE. Different 
inclinations of welding source are assumed with respect to the edges of joined elements. Numerical analysis 
takes into account changing with temperature thermomechanical properties of welded plate made of austenitic 
steel. Simulations of complex thermomechanical phenomena in welding process required the implementation 
of additional numerical subroutine written in Fortran programming language.  

Mathematical modells of the power distribution of a moving welding source and the position of the source 
relative to the edges are implemented into numerical subroutine DFLUX. Temperature distribution, stress state 
and welding deformations are analysed on the basis of numerical simulations of thermomechanical 
phenomena. 

Keywords: Numerical modelling, laser welding, temperature field, welding deformations, T-joint  

1. INTRODUCTION 

Increasing demands for the quality of produced welded joints are encourage engineers and technoligists to 
improve welding technology. Technological innovations have contributed to the intensive development of 
welding technology. Increasigly, modern techniques of metal joining are used in many automated production 
lines [1-3]. Laser beam welding is a one of methods that contribute to the rapid development of the industry. 
In laser welding process coupled thermo-mechanical phenomena are present in a wide temperature range [3]. 
A very high density of laser beam power provide very narrow melded zone, heat affected zone and low joint 
deformations [3, 4]. Welding of machine parts can be done without additional post treatment [1, 5, 6]. One of 
popular laser welded joints are T- joints. In the case of these welded joints the use of laser beam allowed to 
obtain much higher welding speeds and no need for use of additional filler material [2, 3]. This significantly 
reduced the amount of heat input to the welded joint which reduced welding deformation [3, 5, 6]. An important 
factor determining the quality of the weld is the thermal load which has a significant influence on resultant weld 
shape and its mechanical properties [2, 4].  

The paper presents the analysis of the influence of laser beam beam inclination on the formation of stress 
state and deformation in butt-welded T-joint. Numerical simulations of laser welding technique are performed 
for three different inclinations of laser beam relative to joined edges of T-joint. Assumed beam inclinations are 
=30º, =45º and =60º. Numerical simulations are conducted in ABAQUS FEA software based on finite 
element method. Butt welded T-joints assumed in the analysis are made of X5CRNI18-10 austenitic steel [3]. 
Material properties changing with temperature are considered in calculations. The implementation of additional 
author’s numerical procedure DFLUX was necessary to perform numerical simulations of welding process in 
ABAQUS FEA. Modeling of inclined welding heat source motion at predetermined angle to the assumed 
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welding line is performed in additional DFLUX procedure included into the solver. Temperature distribution in 
welded joint, shape of melting zone, stress state and created welding deformations are determined.  

2. FINITE ELENETS MODEL  

In numerical analysis of thermomechanical phenomena Abaqus FEA commercial engineering software is 
used. The design module of Abaqus/CAE allowed to design three-dimensional discrete model of T-joint with 
dimensions L = 60 mm, b = 20 mm, s = 20 mm, g = 2.5 mm. Prepared discrete model is presented in Figure 1. 
The largest concentration of fiite element mesh is assumed near the welding source movement line due to the 
large temperature gradient occurring in the heat source activity zone. Simulations are performed for three 
different inclinations of welding source = 30º, = 45º and = 60º. The analysis is divided into two stages - 
calculations of thermal phenomena and mechanical phenomena separately. Calculations of thermal 
phenomena are performed in the first stage. In the second stage calculations of mechanical phenomena are 
executed with initial conditions based on results from first stage for every time period. In the mechanical 
analysis boundary conditions are chosen to provide a static determination of considered system. The total 
number of elements used in the numerical model is 74400. Changing with temperature thermos physical 
properties of welded T-joint are assumed in numerical simulations for austenitic steel X5CrNi18-10, which are 
presented in Figure 2 [3]. 

 

Figure 1 Scheme of analyzed domain with the finite element mesh 

 
Figure 2 Thermomechanical properties assumed in calculations [3] 
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3. MATHEMATICAL MODEL 

In order to perform a numerical analysis of thermomechanical phenomena it is necessary to consider 
appropriate mathematical and numerical model. Numerical analysis in Abaqus is conducted in Lagrange 
coordinates. Position of the heat source is determined during the analysis in each time step in correspondence 
with welding speed. Temperature field is determined on the basis of solution of energy conservation equation 
expressed in the criterion of weighted residuals [7]: 
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where  = (T) is a thermal conductivity, W / (m K), U = U(T) is a internal energy, J / kg, qv is laser beam heat 
source, W / m3, qS is a heat flux toward elements surface, W / m2, δT is a variational function,  is a density, 
kg / m3. 

Presented equation of heat transfer is completed by the initial condition t = 0: T = To and boundary conditions 
of Dirichlet, Neumann and Newton type [2, 8].  
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where k is convective coefficient (assumed as k = 100 W / m2 °C,  is radiation ( = 0.5),  is Stefan-Boltzman 
constant and q( r, 0) is the heat flux towards the top surface of welded workpiece (z = 0) in the source activity 
zone of radius r, T0 = 20 °C is an ambient temperature. 

The mathematical Gaussian volumetric heat source model (3) is used to describe the power distribution of the 
welding source. The model assumes linear changes in energy distribution along welded material penetration 
depth [9]. 







 












h
z

r
r

hr
QzrQ

oo
v 11exp),(

2

2

2
   (3) 

where Q is a laser beam power, W;  is efficiency of the process; h is the heat source penetration depth, m; z 

is actual depth, m; r0 is a beam radius, m; while r is actual radius, m; where 22 yxr  . 

The cylindrical shape of heat source is assumed as the shape of a truncated cone. Parameters of the heat 
source used in calculatiuons are set to: rt = 0.3 mm, while rb = 0.1 mm.  

 
h
zrrrr btto    (4) 

where rt is a beam radius, for z = 0, rb is a beam radius, for z = h 

The proper positioning of the source relative to welded edges is necessary to perform numerical simulations 
of T-joint welding process. The implementation of heat source is possible through transformation equations 
concluded in additional DFLUX procedure [7]. The scheme of the transformed system is presented in Figure 3. 
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Figure 3 Transformation of heat source power distribution 

The numerical analysis of mechanical phenomena in the Abaqus program is described in elastic-plastic range 
and is based on classic equilibrium equations [3, 5, 6]: 

 (5) 

where σ = σ(σij) is stress tensor, xα  describes location of considered point (material particle), ( ) is inner 
exhaustive product 

Equilibrium equations (5) are complemented by constitutive relations, initial conditions and boundary 
conditions are prescribed for preventing rigid body motion. 

 (6) 

 (7) 

D = D(T) is a tensor of temperature dependent material properties, ε is total strain, εe is elastic strain, εp is 
plastic strain and εTh is thermal strain. 

Thpetotal    (8) 

Elastic strain is modeled for isotropic material using Hooke's law, while plastic flow model is used to determine 
plastic strain based on Huber-Mises yield criterion and isotropic strengthening [6].  

4. RESULTS AND DISCUSSION 

The same parameters of welding source, such as beam power Q = 1250 W, depth of penetration - h = 3 mm, 
welding speed - v = 0.5 m / min are assumed in calculations for all three cases of laser beam inclination. In 
reference to the literature the value of efficiency of laser beam welding source is assumed at 75 %. 

Temperature distributions for three adopted inclinations of welding source are determined on the basis of 
performed numerical simulations of thermal phenomena. Temperature fields in the cross section of analyzed 
joint are presented in Figure 4. In this figure solid line points out the boundary of melted zone (isoline TL ≈ 
1455 °C). 
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Figure 4 Temperature distribution in cross section of welded T-joints  

The analysis of presented temperature distributions for the three inclinations of the heat source shows that in 
all three cases melting of joined edges is obtained. In the case of inclination of source at level = 45o and = 
60o material flow through T-joint stringer is obtained. The next stage of numerical calculations included the 
simulation of mechanical phenomena. Figure 5 shows the distribution of reduced temporary stress (Figure 
5a) and (Figure 5b) residual stress at the heat source slope  = 30o. For the analyzed case the maximum 
value of the temporary stress does not exceed 255 MPa, while in the case of residual stress 210 MPa. In the 
other two cases similar values of stresses were obtained. 

 

Figure 5 Residual reduced stress σ of welded T-joints: a) temporary and b) residual 

Values of displacements of welded T-joint (Figure 6) are also estimated. Welded T-joints is deformed in both 
transverse and longitudinal directions. The largest displacement values occur at ends of T-joints (lines 1  
and 2). For the three analyzed cases, the smallest displacement is obtained with the inclination of the source 
= 30°. However, higher displacement values are obtained with a slope of  = 60°. 

5. CONCLUSIONS 

Comprehensive Abaqus FEA program used in simulations allows perform complex analysis of 
thermomechanical phenomena in laser beam welding process. The simulation program allows determining 
any type of joint with an arbitrarily positioned heat source. Numerical modeling of laser welding of T-joints 
requires the proper positioning of the source relative to the joined edges. 
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On the basis of developed three-dimensional discrete model of analyzed T-joint, the shape of the melted zone, 
stress state and welding deformation were estimated for three different positioning of welding beam source. 
The comparison of obtained simulation results shows that slope  = 30 ° gave the best penetration of welded 
joint (Figure 4a) and the smallest value of displacement (Figure 6). Values of residual stress in all cases are 
similar and do not exceed 210 MPa. 

         

Figure 6 Numerically estimated deflection Uy: a) in cross section of welded T-joint,  
b) in longitudinal section of the joint 
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Abstract 

The article presents a review of the most new structure materials that currently are being applied to production 
of different vehicle elements. The main purpose of the article is to draw attention to the materials applied to 
fabricate this kind of elements. The authors have made a comparison of the materials and strength properties 
of these materials. Furtemore, they have considered the influence of those properties on the operation of the 
vehicle chassis elements. The article contains also useful information about the currents towards the 
application of composite materials in production of vehicle elements. 

Keywords: Vehicle chassis, fatigue strength, modern materials 

1. INTRODUCTION 

Significant development in the scientific researches into new materials, without doubt has an influence on 
human life. The progress of such investigations has made a contribution to create over 100 000 engineering 
materials. It gives great possibilities for different constructors but on the other hand it may causes problems to 
select proper materials both for the construction and machinery. In order to select these materials, some 
technological, construction and exploitation requirements must be achieved. Great significance for the 
processes has also economic and ecological criteria. A variety of new materials often enables the constructor 
to fulfil the different and opposite criteria, i.e. high resistance and lightness of the construction. Despite the 
great advantages of the modern materials in terms of technology, they often do not satisfy the economic 
criterion [1].  

The standards for the modern materials applied in vehicles are very high. It results from the fact that these 
materials have immense influence on drive safety and useful properties of vehicle, i.e. comfort, corrosion-
resistance and fastness. The important issue is also a diminution in the mass of vehicle. It may be achieved 
by using the lightest materials. Increasingly, plastics are used in the construction of vehicles. It is estimated by 
different literature sources that plastics amounts about several percent of the mass of vehicle. 

2. A REVIEW OF THE CONSTRUCTION MATERIALS USED IN THE AUTOMOTIVE TECHNOLOGY 

Development of material engineering and automotive technology during the last decade enables the 
constructors to apply lots of quite new materials for modern vehicles [2, 3]. It is obvious that depend on 
application, the construction materials must meet some criteria. For example, main criterion for many elements 
of vehicle is material resistance. It is important issue, mainly because the vehicle chassis elements are the 
most important system that determines the safety and driving comfort. The main subject covered in this article 
is a proper selection of materials for different elements of chassis according to the suitable requirements. The 
largest part of all materials used in vehicles is steel (about 60 %) [4]. Plastics (about 16%) take the second 
place. Other materials that are applied in vehicles are light metals, rubber, glass and the others. The elements 
of chassis made of steel are usually heavier than the same elements made of aluminium alloys or composites. 
Another material used in automotive manufacturing technology is grey cast iron, ductile iron, ADI, and less 
ductile alloy that is used according to the nature of work of the given vehicle element [5, 6]. 
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The basic advantages of cast iron are relatively low costs of its production in comparison to steel, good 
mechanical properties, good technology properties, low sensitivity to notch, good fatigue strength and abrasion 
resistance, and high vibration damping factor [7]. The last material quality, namely the high vibration damping 
factor is especially important for those elements of chassis which are part of the unsprung masses. The main 
disadvantages of cast iron are its fragility, poor weldability and the presence of cementite. It takes place 
because cementite worsens considerably workability of cast iron [5]. 

The material which is becoming widely applied in automotive technology is isothermally hardened ductile iron 
(ADI). Ductile iron is submitted to the process of isothermal hardening and as a result is converted into iron 
ausferritic which has good fatigue resistance and toughness. This material is resistant to destruction more and 
less in the same way like steel but is more resistant from aluminium alloys. 

A suitable conducted heat treatment gives a field point and tensile strength of material about twice higher in 
comparison to standard ductile iron. Shot peening and rolling of roundings may increase a fatigue resistance 
of material even about 50 % [8]. Products made of cast iron ADI replace increasingly castings and cast steel 
forgings also elements made from aluminium and carbon steel. The products of this type are used in 
automotive technology to produce the mounting elements, transmission systems, etc. 

Aluminium alloys are this kind of construction materials which are increasingly have being applied in 
construction of vehicles. The main advantage of aluminium alloys is facility for forming the exact shape of 
elements during the car production process because of its high plasticity. In addition, aluminium alloys are kind 
of materials which also may be easily given to plastic heat and cold working. Aluminium alloys are 
characterized as having good weldability and mechanical treatment and additionally they are totally resistant 
to atmospheric corrosion. Aluminium alloys are used as casting alloys and as alloys to plastic working. 

Elements and sub-assembles made of magnesium alloys are a viable alternative to traditional materials used 
in the automotive technology. The most important physical property of magnesium alloy is a very low density 
of about 1800 kg / m3. This is the lowest value of technical alloys, which permits to significantly reduce the 
weight of vehicle.  

Casting alloys of magnesium usually contain more than 10% of alloying additives. Magnesium may form alloys 
with various metal except for chromium and iron. One of the main alloying additives is calcium. It is used in 
small amounts by some manufacturers in automotive industry. Calcium as additive reduces oxidation process 
of alloy, particularly in the liquid state and also later during heat treatment. It also improves rolling process of 
sheets made from magnesium alloy [3]. 

All materials which have been listed in section 2 have being applied in automotive technology in the chassis 
of vehicles. It is important to notice that this article doesn’t raise the issue of the very important group of 
construction materials, mainly plastics. It results from the fact that plastics are still the limited construction 
material in the chassis of vehicle. However, lots of elements in vehicle such as for example connecting link of 
stabilizer are just made of plastics [9]. One of the toughest elements of the breaking system (which are a part 
of unsprung masses) is the brake clamps made of cast-iron and light alloys. The light alloys have the lower 
weight specific gravity. It means that clamps made of this kind of alloys significantly reduce the unsprung 
masses. 

3. THE FATIGUE STRENGTH OF MATERIALS APPLIED TO PRODUCTION THE SWINGARMS 

The studies were carried out using an experimenal machine for scientific experiments (Figure 1). A 
characteristic feature of fatigue failure of materials is that it occurs at the maximum stress, considerably lower 
from the extemporary strength Rm and even from yield point Re or R0.2. The cracks fatigue may have some 
fragile fractures. They are very dangerous, because a gap fatigue may often remains unnoticed. It means that 
destruction of elements may occur suddenly and unexpectedly and it usually leads to the dangerous damages. 
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The researches have shown that about 80 % of all fractures are caused because of materials fatigue and only 
20 % by the static overload. 

 
Figure 1 A scheme of the measured system and a diagram of bending moments:  P - load, f - deflection 

a) 

 

b) 

 
                                              c) 

 
Figure 2 The structures of alloys in this study: a) steel with ferritic-pearlitic structure, b) a flake cast iron,  

c) an aluminum magnesium alloy  
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The study of fatigue strength was made using especially prepared samples (Figure 2). The samples were in 
geometric shape, in the form of bar that was 2 mm in diameter and 50 mm in length. Material for the studies 
was taken from the swingarms of vehicle, i.e. steel, cast iron and aluminum alloy. 

 
Figure 3 Form of material sample taken from the swingarm 

The aim of the study described below was to determine the fatigue strength of materials that are being applied 
to production the swingarms of vehicle. The samples were cut out from the swingarms, made of cast iron, steel 
and lightweight aluminum alloy. The length of the samples was 50 mm, circular cross-section 2 mm (Figure 3). 

Based on the fatigue researches there was set a diagram of the fatigue strength (Figure 4) where the zones 
of permissible stresses (which permit the proper exploitation) were defined. 

 
Figure 4 A diagram of the fatigue strength as a function of the number of cycles 

There were also carried out metallographic researches of the macro scale using a stereoscope microscope 
(Figure 5). The brittle fracture because of propagation velocity of the crack is the most dangerous for safety 
of the structure. It may be observed in Figure 2b. It also has the lowest fatigue strength (Figure 5b - cast iron) 
but despite it is often used as material for the swingarms due to low manufacturing costs. A steel sample has 
the greatest strength, despite the fact that it’s density is above 2.5 times bigger then a sample of aluminium 
alloy (Figure 5a). The plastic fracture was noticeable on the surface of the fracture of aluminium alloy. 
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a) 

  

b) 

 

                                            c) 

 

Figure 5 The surface of fatigue fracture: a) a sample from steel, b) samples of cast iron, c) samples of 
aluminium alloy 

4. CONCLUSION 

The proper selection of construction materials enables to reduce the size of the unsprung masses, which 
significantly affects driving comfort. The actions in these directions are clearly visible and are held by the 
increase in the share use of modern materials by manufacturers in automotive engineering. It should be also 
noted that due to the application of modern plastic vehicle user benefits often go hand in hand with the 
reduction of energy consumption in the production process, and thus the manufacturing costs for the 
manufacturer. However it is rarely reflected in the price of the final product. The comparative have shown that 
the best solution would be applying an aluminium alloy to the swing arms of vehicle. The aluminium alloy has 
a low weight and additionally it has a tendency to strength during the variable pulsate stresses and fatigue 
strength is also higher.  
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Abstract  

The paper deals with the development of new clamping jaws which are designed for static tensile tests of 
miniature test specimens. The jaws are used to hold specimen of dimensions 2 x 1 - 20 mm. During the static 
tensile tests, there were problems with the measurement of longitudinal deformation by laser extensometer 
what caused unreliable stress vs. elongation curve. For the deformation measurement, an extensometer 
Zwick/Roell laserXtens was used. In the paper, three development levels of mechanical grips that were 
designed at Mechanical testing laboratory of the Regional Technological Institute (Faculty of Mechanical 
Engineering, University of West Bohemia) are described.  

Keywords: Longitudinal deformation, miniature test specimen, clamping jaws, laser Xtens 

1. IMPORTANCE AND SPECIFICS OF MEASUREMENT OF MINIATURE TEST SPECIMENS  

A solid material put under uniaxial tension or compression changes in length, and the change in length 

ΔL = L - L0, compared to the original length L0 is referred to as the engineering linear strain or simply linear 
strain and denoted by Greek letter epsilon with subscript L0, ε1, and defined as follows: ε1 = (ΔL / L0) [1]. 

As elevated-temperature tensile properties are sensitive to strain rate, these tests are conducted at carefully 
controlled strain rates [2]. The clamping jaws also must fit requirements of elevated-temperature tensile test of 
miniature test specimens. 

Lots of cases exist when the use of standard test specimen is not possible. Benefits 
of the use of miniature test specimens are the low amount of testing material for 
manufacturing of test specimen. Another benefit is that it is possible to prepare 
samples from a construction in more directions than standard specimen e.g. from 
tubes. These specimen were used for Electrolytic nickel-plating for surface 
protection against high-temperature oxidation and decarburization [3] and also they 
are using in current projects. But the use of miniature test specimen requires large 
demands on clamping during the test. In this time, studies and different ways exist 
which deal with this problem. The paper describes the development of new 
clamping jaws which are designed for static tensile tests of miniature test 
specimens. 

2. THE TESTING OF EACH LEVEL OF CLAMPING JAWS 

The clamping jaws were designed for dimensions of test specimen which are seen 
in Figure 1. The tested specimens are typically heat-treated by special procedure. 
That causes a high tensile strength, hardness and relatively high demands on the 
clamping jaws quality.   

Dimensions in mm 

Figure 1 The test 
specimen 
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2.1. The first level of clamping jaws 

The first level of clamping jaws can be seen in Figure 2. Each clamping jaw consists of four parts. The first 
part is connected with a crosshead or frame of testing machine. The second part is guided by slot and drawn 
by two bolts to the fixed part. The test specimen is clamped by a pair of jaw inserts. Working surface of the 
insert has special shaped texture which guarantees sufficient adhesion but does not cause too high stress 
concentration in the test specimen. 

 

Figure 2 The first level of clamping jaws 

In Figure 3, the position of measuring camera and the laser can be seen. The beam of the laser strikes the 
specimen at an angle and the body of clamping jaws impedes sufficient and correct illumination of the test 
specimen. The longitudinal deformation cannot be thus measured correctly.  

  

Figure 3 The measurement system 

2.2. The second level of clamping jaws 

These clamping jaws consist of cylindrical part with a gap similar to grip sections of test specimen, a chain and 
a threaded part. It uses the shape transmission. The chain guarantees the coaxiality of test specimen axis and 
the axis of testing machine.  

Laser 
sources Cameras 
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For the measurement of longitudinal deformation, the laser extensometer LaserXtens was used. In the 
Figure 4, it can be seen an unreliable stress vs. elongation curve. Very likely, it was caused by a movement 
of specimen against the extensometer which could not evaluate the real longitudinal deformation.  

 
Figure 4 The second level of clamping jaws 

2.3. The third level of clamping jaws 

This design uses the shape transmission like the previous level. In this instance, the position of the test 
specimen inside the clamping jaws is specified by a pair of stoppers. Slide guiding prevents the clamping jaws 
from a movement from/to the laser extensometer. The assembly is shown in Figure 5. 

 
Figure 5 The third level of clamping jaws 

The first experiments betoken high potential of these clamping jaws. Firstly, the clamping jaws were used with 
the slide guiding. Although the slide guiding was made precisely, there is friction inside the slide guiding. The 
record of this measurement is show in Figure 6. After that, the clamping jaws were used without the slide 
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guiding and the test record was also correct. Corresponding graph and the jaw configuration can be seen in 
the Figure 7. 

 
Figure 6 The record of the test 

 
Figure 7 The record and the jaw configuration of the third level of clamping jaws 

3. CONCLUSION  

In the paper, gradual development of the clamping jaws was describes. Three levels of the clamping jaws were 
tested so far. The first tests of the third level of the clamping jaws evinced very good properties of clamping of 
the miniature tests specimen and the compatibility with the laser extensometer. We plan to correlate results 
from the miniature test specimens with traditional test specimens on the materials used in power plants, but 
the clamping jaws will be further tested with and without the slide guiding in future for more detailed statistics 
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of the results. Based on the comparison, the slide guiding will be optimized alternatively and the clamping jaws 
will be used without the slide guiding.  
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Abstract 

The microstructures of complex phase 780C steel and TRIP 690T steel joints with thickness of 1.5 mm welded 
using fibre laser process were evaluated. The microstructures and microhardness of butt joints were 
characterized in the fusion zones and heat affected zones. The microstructures in the fusion zones were 
predominantly built of martensite and lower bainite. In both heat affected zones near 780C steel and near 690T 
steel grain coarsening of dominantly martensitic microstructure with small portion of lower bainite and retained 
austenite was observed. The microhardness increased in the fusion zone and both heat affected zones of 
joints. The highest microhardness of 485 HV0.1 was measured in the heat affected zone near 780C steel region 
of joint. The average tensile strength of all joints was 750 MPa and it achieved the strength of the 690T steel, 
because the failures during the tests occurred in this steel base material. 

Keywords: Complex phase steel, TRIP steel, microstructure, microhardness, fibre laser welding 

1. INTRODUCTION 

Advanced high strength steels (AHSS) with zinc coatings are widely used for tailor welded blanks (TWBs) in 
automotive industry. Frames, crossbeams, vertical beams, side impact beams, and safety elements are often 
made of TWBs consisted of AHSS steels such as high strength low alloyed steels, dual phase steels, complex 
phase (CP) steels, TRIP steel, TWIP steels, etc. The TWBs welded of CP and TRIP steels have increased 
applications due to their excellent properties. The superior mechanical properties in comparison with standard 
steels enable the use of thin-walled sections of these steels in modern car bodies, significantly reducing the 
weight of a vehicle without compromising other attributes such as safety, performance, recyclability and cost. 
They have moderate price and they possess excellent weldability and formability [1-5]. The significant 
advantage of CP steels is their complex microstructure consisted of ferritic matrix with bainite and tempered 
martensite and which is the consequence of high strength with sufficient formability of CP steel sheets. The 
crucial advantage of TRIP steels is their strain induced transformation of retained austenite into martensite. 
This transformation, which takes place during the sheet forming, can be exploit when making sections of highly 
complicated shapes enabling the safety improvement by increasing the amount of absorbed collision energy 
[5-9].  

The fibre lasers have found many applications in car body manufacturing because of their excellent beam 
quality. Low heat input is important characteristic of laser welding and it is the consequence of small fusion 
zone (FZ) and heat-affected zone (HAZ) and the lover cost and greater flexibility compared to other welding 
methods [7-11]. Microstructure changes accompanying the laser welding increase the strength in weld region 
of TWBs but also worsens their formability. The proper microstructure assures proper ratio between strength 
and formability. The microstructure is affected mainly by chemical composition of base materials, sheets 
thicknesses and welding parameters such as power input, welding speed and others. The final microstructure 
in FZ and HAZ is consequence of rapid heating and cooling cycles. FZ and HAZ are characterised by increased 
hardness and decreased plastic properties [11-13]. Therefore, it is important to study the transformations 
taking place in the microstructure of steels subjected to laser welding with concentration on the weldability of 
TWBs made of CP and TRIP steels. 
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2. EXPERIMENT 

The sheets of CP steel 780C and TRIP steel 690T with thickness of 1.5 mm and zinc coating of 100 g / m-2 
were used for experiments. The maximal concentration of alloying elements in the experimental steels is given 
in Table 1 and their mechanical properties are compared in Table 2. Used steels differ in contents of alloying 
elements. The 690T steel has higher concentration of carbon and manganese, but lower content of chromium 
and molybdenum compared to 780C steel. In TWBs made of experimental steels, the CP steel 780C can 
assignee the higher strength and the TRIP steel 690T can assignee deformation zone because of its better 
formability. 

Table 1 Maximal concentration (wt. %) of alloying elements in experimental steels 

Steel C Mn Si Al P S V B Cr + Mo Nb + Ti 

780C 0.18 2.2 0.8 2.0 0.08 0.015 0.2 0.005 1.0 0.15 

690T 0.32 2.5 2.2 2.0 0.12 0.015 0.2 0.005 0.60 0.20 

Table 2 Mechanical properties of experimental steels 

Steel Tensile strength (MPa) Proof strength (MPa) Elongation (%) 

780C min. 780 500 - 700 min. 10 

690T min. 690 430 - 550 min. 23 

The experimental steel sheets were butt welded using the solid-state fibre laser IPG YLS-500 with maximum 
output of 5 kW, wave length of 1060 nm and fibre diameter of 100 µm and with the welding head PRECITEC 
YW52 at the distance of 250 mm from the welded sheets. Welding experiments were conducted on sheets 
with length of 200 mm and width of 100 mm along the longitudinal edge, which was milled before welding. The 
butt joints were welded without filler metal at beam powers in the interval from 0.75 kW to 5.0 kW and welding 
speeds in the interval from 10 mm / s-1 to 120 mm / s-1. 

The microstructure was studied on samples cut off the welding joints and prepared using standard 
metallographic techniques. The microstructure was observed using Axiovert 40MAT light microscope and 
JEOL JSM-IT300 scanning electron microscope (SEM). Energy-dispersive spectroscopy (EDS) was employed 
for chemical analysis of particular phases. Image analysis was used to measure grain sizes. Microhardness 
surveys were performed on transverse sections of weld bead centres parallel to the surfaces of sheets using 
Vickers indenter with load of 100 g. The samples for tensile tests were prepared from welded joints and tests 
were carried out using universal testing machine Instron 195 at room temperature and the crosshead speed 
of 10 mm / min-1. 

3. RESULTS 

The cross section of joint welded at the beam power of 3400 W and the welding speed of 70 mm / s-1 can be 
seen in Figure 1. The FZ has wine glass shape typical for laser welding with thickness approximately from 1.0 
to 1.3 mm and the largest width at the face and the root region of joint but the lowest one in the centre of joint. 
Both interfaces of HAZs with base metals (BMs) have narrow shape. The 780C steel BM is on the left and the 
690T steel BM is on right in Figure 1. The HAZ near 780C CP steel with thickness from 0.4 to 0.7 mm is 
between the FZ and 780C steel BM and the HAZ near 690T TRIP steel BM with thickness from 0.4 to 0.7 mm 
is between the FZ and 690T steel. The thicknesses of particular sub zones (FZ, HAZ near 780 C steel, HAZ 
near 690T steel) decreased with increase of beam power and welding speed. The joint is without porosity, 
cracks, but with the slight concavity of the face and root sagging. The grain size in both HAZs decreases with 
the distance from the weld boundaries with the largest grains (coarse grained region) observed in the vicinity 
of the FZ. 
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Figure 1 Macrostructure of welded joint of 780C steel with 690T steel 

When studying the microstructure evolution in particular sub zones of joints, the both BMs were observed and 
are documented in Figures 2 and 3. The microstructure characteristics of FZ and in coarse grained regions of 
HAZs are documented from Figures 4 to 6. 

The SEM micrograph revealing the microstructure of CP steel 780C is documented in Figure 2. The 
microstructure consists of ferrite matrix and rows of martensite and tempered martensite. Ferrite grains are 
characterised by slight crystallographic texture and heterogeneity in grain size in the interval from 2 to 15 m. 
Martensite has the lath morphology and tempered martensite has acicular morphology. Secondary M3C, M2C 
and MC carbides precipitated at the grain boundaries of acicular grains and inside the grains were identified 
by EDS analysis. 

 

Figure 2 Microstructure of CP steel 780C 

The SEM micrograph revealing microstructure of TRIP steel 690T is documented in Figure 3. The 
microstructure of TRIP steel is built by equiaxed ferritic grains with slight crystallographic texture and grain 
size from 1 to 8 m and rows of martensite. Occasionally precipitated M3C carbides were identified by EDS 
analysis insides the grains. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1023 

The microstructure in FZ consisted of coarse columnar dendritic grains oriented perpendicular to the fusion 
boundary (Figure 1). The microstructure of FZ was predominantly built of martensite and lower bainite. 
Morphological characteristics of low carbon martensite with martensite lath packets can be seen in Figure 4.  

 

Figure 3 Microstructure of TRIP steel 690T 

 

Figure 4 Lath morphology microstructure in FZ of the weld 

In the coarse grained high tempered HAZ near 780C steel grain coarsening of former austenitic grain with 
grain size in the interval from 15 to 30 m was observed. The microstructure consisted mainly of martensite 
and lower bainite with occasionally crated small areas of upper bainite and retained austenite, at which grain 
boundary small M3C carbides were identified by EDS analysis. Dominant martensitic microstructure with small 
portion of lower bainite can be seen in Figure 5. The microstructure was predominantly built of martensite and 
lower bainite in the fine grained region of HAZ near 780C steel.  

The coarse grained high tempered HAZ near 690T steel in Figure 6 was characterized by coarsening of former 
austenitic grain with grain size in the interval from 15 to 25 m. The microstructure consisted mainly of 
martensite and small portion of lower bainite and retained austenite. The microstructural characteristic 
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changed with decreasing of maximal temperature peak during the welding process, so with the distance from 
the weld. In the region, tightly above the A3 temperature, which corresponds to the complete transformation to 
austenite, the microstructure consisted of martensite and ferrite and ferrite portion increased with decreasing 
of the maximal temperature reached during the welding process. The microstructure in low tempered region 
of HAZ was characterized by finer grain of martensite and ferrite. 

 

Figure 5 Martensite and lower bainite in coarse grained region of HAZ near 780C steel 

 

Figure 6 Martensite and lower bainite in coarse grained region of HAZ near 690T steel 

The microhardness profile across the FZ, HAZs and BMs was characterized with increased microhardness 
values in both HAZs from BMs towards the FZ. The hardness of 780C steel BM was in interval from 263 to 
281 HV0.1 and with average value of 271 HV0.1 and this value represents complex microstructure of CP steel. 
However, the microhardness in interval from 228 to 251 HV0.1 and with average value of 239 HV0.1 measured 
for 690T steel represents a ferritic-martensitic microstructure of the TRIP steel. The microhardness values in 
FZ were in interval from 342 to 428 HV0.1. The microhardness in HAZ near 780C steel was in interval from 254 
to 485 HV0.1 and the microhardness in HAZ near 690T steel was from 220 to 457 HV0.1. The value of 485 
HV0.1 was the highest measured microhardness and it was measured in coarse grained region of HAZ near 
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780C steel. The smallest value in the HAZ near 780C steel was 254 HV0.1 and was measured in vicinity of 
780C steel BM and represents the softening region. Similar softening region in HAZ near 690T steel represents 
the value of 220 HV0.1 which was the smallest value in this HAZ. 

The tensile tests showed the average weld metal strength of 750 MPa and an apparent average elongation of 
17.5 %. The weld strength was higher than the tensile strength of weaker 690T steel and all samples broke in 
690T TRIP steel BM. 

4. CONCLUSIONS 

The fibre laser welding of complex phase steel 780C with TRIP steel 690T was studied with concentration on 
microstructure, microhardness and tensile strength. The joints welded using a fibre laser with different input 
power and welding speed were free of microscopical defects. 

The microstructure in the FZ was predominantly built by the lath of martesite and lower bainite which were built 
in packets within large columnar grains. The microstructures in coarse grained region of HAZ near 780C steel 
consisted of martensite and lower bainite. Martensite, lower bainite and reatained austenite were observed in 
coarse grained region of HAZ near 690T steel. The microstructure consisted of martensite and ferrite in fine 
grained region of HAZ near 690T steel. The ferrite portion increased with increased distance from the weld 
and decreasing of the maximal temperature reached during the welding process. 

Microhardness profiles across the welded joints were characterized with increased microhardness values in 
FZ and both HAZs. The maximum microhardness was measured within the HAZ near 780C steel with the 
value of 485 HV0.1. The maximal hardness in the HAZ near 690T steel reached 457 HV0.1. The hardness in the 
FZ was in interval from 342 to 428 HV0.1. The average tensile strength of the fibre laser welded joints was 750 
MPa and it reached the strength of the 690T steel with all welded specimens failing in this steel. 
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Abstract 

The susceptibility to the hydrogen embrittlement of commercial heat of TRIP 780 steel of the type C-Mn-Si 
was studied on previously hydrogenated samples by a slow strain rate tensile tests (SSRT) in the initial state 
and in the state after 5% deformation in the longitudinal and transverse directions relative to the rolling 
direction. Samples were hydrogenated in 0.1N sulfuric acid solution with the addition of KSCN. Due to the 
transformation of retained austenite to deformation-induced martensite after 5% deformation, an increase of 
yield strength of 230 MPa, a tensile strength of 30 MPa and elongation at fracture decrease by 6.5 % occurred 
in contrast with the initial state without hydrogen. The presence of hydrogen in the steel in the initial state 
caused a decrease of steel strength from 900 MPa to 753 MPa, and a significant reduction in elongation at 
fracture from 34 % to 6 %. Hydrogen present in the samples after the 5% deformation had an effect on an 
increase of the yield strength by 60 MPa, a decrease in the tensile strength by 100 MPa, while the elongation 
at fracture reached only 2.5 %. There were no differences found in the mechanical properties of the samples 
taken in the longitudinal and transverse direction relative to the rolling direction. Fracture surfaces of the tensile 
test bars were subjected to fractographic analysis. For hydrogenated samples, the proportion of brittle fracture 
and quasi-cleavage fracture increased. 

Keywords: Hydrogen embrittlement, TRIP steel, slow strain rate test (SSRT), retained austenite 

1. INTRODUCTION 

Nowadays, research, development or production of automotive components and technology development 
belong to one of the fastest growing and developing industry sectors. Bodywork construction requirements, 
such as high firmness, stiffness or low weight, which is connected to vehicle emissions, are closely related to 
the development of new materials. Despite the increased usage of non-ferrous alloys, steel accounts for 
approx. 62% of the total weight of a modern car. The bodywork itself consists of many different types of sheet 
metal that require many complicated forming operations. This implies that these materials need not only high 
strength but also good formability. These requirements are met by Advanced High Strength Steels (AHSS). 
This group includes, among other steels, also TRIP steel. [1-2] 

TRIP steels are multi-phase steels, whose resulting properties depend on the optimization of the chemical 
composition. As to microstructure, they consist of ferrite (α), bainite (αB), retained austenite (RA), and 
martensite (M) under certain conditions. The whole principle of TRIP is based on a change of retained austenite 
to the deformation-induced martensite, which gives the original steel with ferritic-bainitic structure higher 
strength and desired formability. However, in order to reach the TRIP effect, it is necessary to maintain 10 - 
15 % of retained austenite in the structure. The carbon content is increased and can reach up to values of 0.2 
%. Higher manganese content influences the stabilization of the non-transformed austenitic matrix. Aluminum 
or silicon, again, if they are present in the steel in higher amounts, they prevent the formation of carbides. The 
strength limit of these steels ranges from 500 to 1000 MPa, which, along with their excellent formability and 
energy absorption capability at higher deformation rates, predetermines them to be used in demanding 
applications in the automotive industry. At present, the greatest attention is paid to the development of TRIP 
steels with a strength limit of 500 to 800 MPa that led to the improvement of the microalloying process using 
Ti, V, and Nb. These materials are also very often processed by hot dip galvanizing to increase the corrosion 
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resistance. Technologies, linked to the surface processing of sheets or their welding in humid environment, 
are potential sources of hydrogen that can penetrate to the matrix and cause changes of mechanical properties 
or, in case of exceeding the critical hydrogen concentration, also the crack initiation and crack growth. [1-8] 

This work is devoted to the study of hydrogen embrittlement in steel TRIP 780. Selected samples were 
subjected to the electrolytic hydrogenation, which was supposed to simulate the penetration of hydrogen into 
the material in an aggressive environment. Samples were studied by the SSRT (slow strain rate test) method 
that is based on a slow sample deformation. Thanks to this method it is possible to describe the influence of 
hydrogen on the mechanic characteristics of the steel in detail. The work also contains a description of fracture 
surfaces before and after the hydrogenation.  

2. EXPERIMENTAL PART 

2.1. The description and the microstructure of the material 

The experimental part is focused on steel TRIP 780, specifically on the commercially manufactured type 
C-Mn-Si. This material was delivered in a state after two-stage cold rolling and after one hot rolling. The surface 
is often processed by hot dip galvanizing or by galvanic plating. The strength limit should be according to the 
producer in the range of 780 - 900 MPa, yield strength in the range of 450 - 550 MPa, the ductility is greater 
than 23 %. This steel is characteristic by perfect plastic properties and by good energy absorption ability. The 
very good energy absorption is the reason of the usage of this material for the production of bodywork security 
parts, in particular transverse or longitudinal crossbeams, B pillars and bumper reinforcements. The maximum 
content of aluminum in the TRIP 780 steel should be 2.5 wt. %, the maximum content of manganese and 
silicon should be 2.0 wt. %. 

The chemical composition of delivered samples was found out by GDOES (glow discharge optical emission 
spectroscopy) method on Spectruma GDA 750 device and carbon and sulfur contents by combustion 
elemental analysis on the Eltra CS 2000 device (Table 1). 

Table 1 Chemical composition of TRIP 780 in wt. % 

C Mn Si P S Cr Ni Mo 

0.20 1.57 1.65 0.015 <0.001 <0.001 <0.001 <0.001 

Cu Ti Co B Pb V W Al 

0.007 0.002 0.003 <0.001 <0.001 0.001 <0.001 0.058 

The microstructure of steel TRIP 780 was studied in polished and etched condition by Olympus IX70 inversion 
metallographic microscope (abbr. OM) and by the JEOL 6490LV scanning electron microscope (SEM) in 
secondary electron (SE) mode. In Figure 1 and Figure 2 is showed the microstructure in the longitudinal 
direction relative to the rolling direction, etched in the Nital solution. The microstructure was formed mostly by 
ferrite and bainite. With larger magnification, it is possible to partly identify M/A constituent (martensite/retained 
austenite). 

In the microstructure of steel TRIP 780 there occurred: round aluminum oxides, elongated manganese 
sulphides and sharp-edged, often occurring in rows, titanium nitrides. The size of individual inclusions was 
around 5 μm, the length of rows reached up to 35 μm. 
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Figure 1 The microstructure of steel TRIP 780, Figure 1 The microstructure of steel TRIP 780, 
    longitudinal direction, etched in Nital (OM) longitudinal direction, etched in Nital (SEM-SE) 

2.2. Mechanical properties 

From a 1.17 mm sheet, samples for the tensile test in the transverse direction (marked P) and the longitudinal 
direction (marked L) were taken in relation to the rolling direction of the length of Lc = 60 mm by electrospark 
cutting technology. For the reason of high corrosion rate, the samples were sharpened on planer grinding 
machine, which decreased the sheet thickness to 1.12 mm. Tension test bars were loaded with a slow strain 
rate 10-4 s-1. A part of samples was subjected to 5 % plastic deformation, and then again loaded until the 
fracture. Tensile test took part on the multifunctional servo-hydraulic LFV 100 kN test machine. Values of the 
ultimate tensile strength Rm, yield strength Rp0.2 and elongation at fracture A60 of the studied material in the 
initial state and in a state of 5% deformation are reported in Table 2. It follows from the results of mechanical 
properties of steel TRIP 780 that the direction of rolling unambiguously didn’t influence the basic mechanical 
properties. Due to the deformation, the cross section was reduced from 11.18 mm2 to 10.70 mm2. The specific 
attribute of TRIP steels is the transformation of retained austenite into martensite induced by plastic 
deformation, which leads to strengthening the steel while maintaining good plastic properties. The influence of 
retained austenite transformation on deformation induced martensite caused an increase in the yield strength 
by 230 MPa, a strength limit by 30 MPa and a drop in the ductility by only 6.5 %. 

Electrolytic hydrogenation consisted in saturation of the test samples with hydrogen, when the formed test 
bars were dipped into the electrolyte and connected as a cathode. The anode was formed by a quenched 
tungsten grille located around the hydrogenated sample. The electrolyte was a solution of 0.1N sulfuric acid 
with the addition of one gram of KSCN per 1 litre of H2SO4. The hydrogenation process was carried out for 
4 hours at a current density of 1 mA⋅cm-2. Hydrogenated samples were clamped to the tensile testing machine 
immediately after finishing the hydrogenation and were subjected to load at a deformation strain rate of 10-4 s-

1. The degree of hydrogen embrittlement was expressed by so called hydrogen embrittlement index, denoted 
as F [%] (eqn.1). 

100
0

0 



A

AAF H  eqn. 1 

where A0 is the ductility of samples without hydrogen [%] and AH is the ductility od samples with hydrogen [%]. 

When comparing the results from the previous hydrogen-free tensile tests, it can be seen that the presence of 
hydrogen in the steel caused a drop of strength from 900 to 753 MPa, a yield strength drop by 30 MPa, and 
a decrease in the elongation at fracture from 34 % to about 6 %, which corresponds to the hydrogen 
embrittlement index 83.3 %. A similar hydrogen embrittlement index was also found in laboratory produced 
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steel TRIP 800 (variant A) but with current densities 15 mA·cm-2 [9], or at work [10] with current densities of 
1 and 5 mA·cm-2 in solutions 0.1N H2SO4 + KSCN (or As2O3). For samples with a previous 5 % plastic 
deformation and after electrolytic hydrogenation, the effect of hydrogen on the yield strength was an increase 
by 60 MPa and the strength limit drop was by 100 MPa. The response of the material to the tensile load in 
dependence on the stress-elongation for all four studied states is shown in Figure 3. From the curves, the 
material strengthening due to the phase transformation of retained austenite to the deformation-induced 
martensite is evident, and in the case of hydrogenated samples after the previous plastic deformation also the 
increase of the yield strength. However, hydrogen in both states (initial and state after 5 % deformation) caused 
significant embrittlement, even when using a low current density. The introduced deformation resulted in 
almost complete transformation of retained austenite in the sample loaded from the initial state without the 
presence of hydrogen. For the other states, regardless of the height of the total deformation of retained 
austenite, it was stabilized to about 6 vol. % (Table 2).  

Table 2 Results of mechanical properties in the initial state and after the 5 % deformation 

Sample indication Rp0.2 [MPa] Rm [MPa] A60 [%] F [%] RA [vol. %] 

Initial state without H 521 ± 45 900 ± 47  33.8 ± 1.7 - 2.2 

After 5 % deformation without H 754 ± 24 931 ± 17  27.2 ± 2.0 - 6.1 

Initial state with H 559 ± 15 753 ± 28  5.7 ± 0.7 83.3 ± 2.2 6.7 

After 5 % deformation with H 814 ± 9 837 ± 9  2.4 ± 0.3 91.1 ± 1.1 5.9 

 

 

Figure 3 Dependence of the strength on the elongation of selected steel TRIP 780 samples  

2.3. Fractographic analysis 

The fractographic analysis of fracture surfaces was carried out by using the JEOL 6490LV scanning electron 
microscope in secondary electron mode. Samples that were not subjected to hydrogenation exhibited mixed 
fracture. At the centre of the sample (in location marked a) a transgranular cleavage fracture can be observed, 
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the edge of the sample (marked b) shows signs of transgranular ductile fracture with a dimple morphology 
(Figure 4). On the fracture surface of the sample after 5% deformation and subsequent rupture with the 
absence of hydrogen the significant difference in fracture morphology wasn’t observed compared to the initial 
state. 

   

Figure 4 View of the sample fracture surface in the initial state without hydrogenation, location a 
transgranular cleavage fracture (centre), location b transgranular ductile fracture (edge)  

The change of fracture mechanism occurred after hydrogenation. Quasi-cleavage fracture, which is typical for 
hydrogen embrittlement, is apparent on the fracture surface. Soft quasi-cleavage facets are visible in c detail 
(Figure 5) and a transition of quasi-cleavage fracture through bridges with transgranular ductile fracture 
(marked d). Quasi-cleavage fracture is mostly on the edges of the sample and around prolonged non-metallic 
inclusions (Figure 5). The morphology of sample fracture surface without and with 5 % deformation was 
similar.  

   

Figure 5 View of the sample fracture surface in the state after hydrogenation, location c quasi-cleavage 
fracture (edge), location d mix of quasi-cleavage fracture and transgranular ductile fracture (centre) 

3. CONCLUSION 

The aim of this work was to describe the influence of hydrogen on mechanical properties and failure 
mechanisms of the commercially produced steel TRIP 780. In the absence of hydrogen and after 5 % plastic 
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deformation, the TRIP effect was manifested by transformation of retained austenite into deformation-induced 
martensite, which led to an increase in strength properties, specifically yield strength by 230 MPa, and a 
decrease in plastic properties by only 6.5 %. Samples subjected to electrolytic hydrogenation showed a high 
value of the hydrogen embrittlement index F, expressed as a relative change in the ductility of the material, 
namely 83 %, or 91 %, in a state of absence or with 5 % of pre-deformations. The hydrogen embrittlement also 
manifested itself in the character of the fracture surface, which showed a high proportion of quasi-cleavage 
failure. Nevertheless, the electrolytic hydrogenation proceeded at a low current density. It is, therefore, 
necessary to pay increased attention to the production processes where the risk of interaction of hydrogen 
with the material is possible. 
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Abstract  

This paper attempts to study safety and exploitation conditions of long weld steel structures. To study 
the effects of the long structure flexibility and resistance, the structure been welded by steel covered electrodes 
with varied amount of Mo. The most significant of factors influencing that conditions are connected with 
material choice, welding technology, state of stress and temperature. Because of that a good selection of steel 
and welding method is crucial to obtain proper steel structure. Shielded metal arc welding (SMAW) also known 
as manual metal arc welding (MMA) is a very popular method of welding used for structure reparation. Very 
often SMAW could be also treated as main montage process. 

Keywords: Long weld steel structures, steel covered electrodes with varied amount of Mo, Shielded metal  
        arc welding (SMAW) 

1. INTRODUCTION 

Properties of long welded structures depend on many factors such as welding technology, filler materials, on 
level of stress. The main role of those conditions is also connected with materials, chemical composition of 
steel and metal weld deposit [1-8]. Chemical composition of metal weld deposit could be regarded as a very 
important factor influencing properties of weld metal deposit (WMD). Molybdenum and nickel are regarded as 
the main element positively effecting on mechanical properties and metallographic structure of low alloy welds. 
Molybdenum improves the impact strength of the alloy having an increased content of vanadium and 
nitrogen [1]. The influence of nickel, molybdenum (and also other elements such as chromium, vanadium) 
contents in weld metal deposit on impact and fatigue properties was well analysed in the last 15 years. 
Chromium, vanadium, and especially nitrogen are regarded rather as the negative element on impact 
toughness properties of low alloy basic electrode steel welds in sub zero temperature, meanwhile molybdenum 
and nickel have the positive influence on impact toughness properties. First of all welding parameters, 
metallographic structure and chemical composition of metal weld deposit are regarded as the important factors 
influencing the impact toughness and fatigue properties of long weld structures [1]. In the paper only the 
influence of the variable amounts molybdenum on impact and fatigue properties of low alloy metal weld deposit 
(additionally having various amount of vanadium and nitrogen) was tested. 

2. EXPERIMENTAL PROCEDURE 

To assess the effect of molybdenum on mechanical properties of deposited metals there were used basic 
electrodes prepared in experimental way. The electrode contained constant or variable proportions of the 
following components in powder form, shown in Table 1: 
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Table 1 Composition of electrode coat 

technical grade chalk 25 % 

fluorite 21 % 

rutile 5 % 

quartzite 4 % 

ferrosilicon (45 % Si) 7 % 

ferromanganese (80 % Mn) 5% 

ferrotitanium (20 % Ti) 2 % 

nitrited vanadium 0-3 % 

Ferromolybdenum (20 %Mo) 0-6 % 

iron powder 22-31 % 

The principal diameter of the electrodes was 4 mm. The standard current was 180 A, and the voltage was 
22 V. A typical weld metal deposited had following chemical composition (Table 2). 

Table 2 WMD chemical composition  

C  0.08 %  

Mn  0.8 %  

Si  0.37 %  

P  0.018 % 

S  0.019 %  

O 400ppm 

N 55ppm 

This principal composition was modified by separate additions of ferromolybdenum powder up to 6 % and 
nitrited vanadium up to 3 % at the expense of iron powder. As a result, three deposits were received with 
different portion of molybdenum and nitrogen (however it was not intended to change the nitrogen content). 
A variation in the molybdenum (and nitrogen) amount in the deposited metal is shown in Table 3. 

Table 3 Mo and N amount in WMD 

Deposit Mo amount in WMD, % N amount in WMD, ppm V amount in WMD, % 

A 0 55 0 

B 0.18 55 0.05 

C 0.42 55 0.04 

D 0.63 55 0.05 

E 0.19 60 0.11 

F 0.44 60 0.12 

G 0.65 60 0.10 
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Amount of nitrogen was rather on the same level in all tested deposits. Because of it influence of nitrogen on 
metallographic structure and mechanical properties of weld structure further was not analysed. 

3. RESULTS AND DISCUSSION 

After the welding process using basic coated electrodes there were gettable metal weld deposits with the 
variable amounts of molybdenum in it. The molybdenum content could be approximated to a value of 0.2; 0.4 
and 0.6 % for easier interpretation of results. The vanadium content could be approximated to a value of 0.05 
and 0.1 for easier interpretation of results. In all deposits carefully was counted amount of acicular ferrite, the 
most beneficial phase in weld metal deposit. MAC phases (self-tempered martensite, retained austenite, 
carbide) were on the same level of 2.5 % in all tested deposits. Amount of acicular ferrite in various deposits 
is shown in Table 4. 

Table 4 AF in WMD having different portion of Mo and V 

Mo in MWD,% V in MWD, % AF in WMD, % 

0 0 40 

0.05 0.2 47 

0.05 0.4 52 

0.05 0.6 44 

0.1 0.2 43 

0.1 0.4 49 

0.1 0.6 41 

It is easy to deduce that amount of 0.4 % Mo in weld could be treated as optimal for WMD especially having 
lower amount of vanadium. Metallographic images of typical deposits are shown in Figure 1. 

 
Figure 1 Weld metal deposits with various amount of Mo and V 

It is easy to observe that amount of 0.4 % Mo in weld could be treated as optimal value because of AF amount 
in weld metal deposit having smaller amount of vanadium (0.05 %). After that observation the chemical 
analysis, micrograph tests, fatigue and Charpy notch impact toughness tests of the deposited metal were 
carried out. Absorbed energy in terms of the various amount of molybdenum and vanadium in metal weld 
deposit are shown in Tables 5, 6. 
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Table 5 Impact toughness for SMAW welding with varied amount of Mo in WMD having 0.05 % V 

Mo amount, % Temp., °C Impact toughness,[KV, J] 

0 - 40 below 47 

0.2 - 40 below 47 

0.4 - 40 57 

0.6 - 40 below 47 

0 -20 below 47 

0.2 -20 53 

0.4 -20 64 

0.6 -20 49 

0 0 61 

0.2 0 79 

0.4 0 84 

0.6 0 65 

0 +20 171 

0.2 +20 183 

0.4 +20 187 

0.6 +20 173 

Table 6 Impact toughness for SMAW welding with varied amount of Mo in WMD having 0.1 % V 

Mo amount, % Temp., °C Impact toughness, J 

0 - 40 below 47 

0.2 - 40 below 47 

0.4 - 40 51 

0.6 - 40 below 47 

0 -20 below 47 

0.2 -20 48 

0.4 -20 52 

0.6 -20 below 47 

0 0 54 

0.2 0 63 

0.4 0 76 

0.6 0 58 

0 +20 170 

0.2 +20 181 

0.4 +20 182 

0.6 +20 176 

Analysing results of Tables 5 and 6 it is possible to observe that impact toughness of metal weld deposit is 
also positively affected by the amount of molybdenum. Amount of 0.4% Mo could be treated as optimal in both 
tested deposits (with higher and lower amount of vanadium). Four class of impact toughness (minimum 47J at 
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-40 °C) is preserved only for deposit having 0.4 % Mo and both levels of vanadium. Second class of impact 
toughness (minimum 47 J at -20 °C) is preserved only for one deposit having Mo in it (all tested levels). 
Analysing Tables 3 and 5 it is possible to deduce that impact toughness of metal weld deposit is affected by 
the amount of molybdenum and partly is dependent on nitrogen amount. In long weld structures there are two 
general types of tests conducted: impact toughness and fatigue. The second kind of mentioned tests focuses 
on the nominal stress required to cause a fatigue failure in some number of cycles. This test results in data 
presented as a plot of stress (S) against the number of cycles to failure (N), which is known as an S-N curve. 
Fatigue tests were generated for two deposits with 0.4 % Mo, 0.05 %V and for deposit without Mo and V in it. 
Figure 2 shows fatigue value for WMD with 0.4% Mo and 0.05% V.  

 
Figure 2 S-N Fatigue properties for WMD with 0.4 % Mo, 0.05 % V [1] 

Looking for the S-N curve for the 0.4 %Mo deposit to make an estimate of its fatigue life it easy to deduce, 
that amount of 0.4 % Mo could be treated as beneficial (comparison with Figure 3, WMD without Mo). 

 
Figure 3 S-N Fatigue properties for WMD without Mo 

Thus fatigue is the progressive and localized structural damage that occurs when a material is subjected to 
cyclic loading. The maximum stress values are less than the ultimate tensile stress limit, and may be below 
yield stress limit of the material. I was able to compare the fatigue values for those deposits. The last part of 
the research was concentrated on deflection tests of long structures (16 m in length). Results are shown in 
Table 7. 
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Table 7 Deflection of (16 m) long structure corresponding with deposits with different portion of Mo and V 

V in WMD, % Mo in WMD, % Deflection, mm 

0 0 70 

0.05 0.2 34 

0.05 0.4 27 

0.05 0.6 45 

0.1 0.2 32 

0.1 0.4 29 

0.1 0.6 41 

It is easy to deduce that deflection of long weld structures depends on Mo amount in weld metal deposit having 
two various levels of vanadium. Amount of 0.2 % Mo could be treated as optimal. Vanadium could be treated 
as a neutral element influencing structure deflection. 

4. SUMMARY 

In the present paper it was optimized the chemical composition of Mo portion in WMD of long weld structures. 
The influence of the variable amount molybdenum on impact properties of low alloy metal weld deposit 
properties was carefully tested. Molybdenum have the positive influence on impact and fatigue properties. 
Design engineers of long structures should base on actual welding technology. The main role of those 
conditions is connected with welding technology. Summing up the paper it has been concluded, that especially 
important is a good selection of welding method for proper steel structure cconclusions. 

 Optimization of operational properties of steel welded structures might be done in terms of the chemical 
composition (amount of Mo) of WMD. 

 Molybdenum should be treated as the element positively influencing impact toughness and fatigue 
properties of low alloy WMD. 

 Molybdenum has influence on acicular ferrite amount in WMD having various amount of vanadium. 

REFERENCES 
[1] WĘGRZYN T. Mathematical Equations of the Influence of Molybdenum and Nitrogen in Welds. In ISOPE´2002: Int. 

Conf, Kita-Kyushu: International Society of Offshore and Polar Engineers, 2002, pp. 263-267. 

[2] SZCZUCKA-LASOTA B., WĘGRZYN T., STANIK Z. et al. Selected parameters of micro-jet cooling gases in hybrid 
spraying process. Archives of Metallurgy and Materials, 2016, vol. 61, no. 2, pp. 621-624. 

[3] TARASIUK W., GORDIRNKO A. I., WOLOCKO A. T., SZCZUCKA-LASOTA B. The tribological properties of laser 
hardened steel 42CrMo4. Archives of Metallurgy and Materials, 2015, vol. 60, no. 4, pp. 2939-2943. 

[4] HADRYŚ D. Mechanical properties of plug welds after micro-jet cooling. Archives of Metallurgy and Materials, vol. 
61, No. 4, pp. 1771-1775. 

[5] HADRYŚ D. Impact load of welds after micro-jet cooling. Archives of Metallurgy and Materials, vol. 61, no. 4,  
pp. 2525-2528. 

[6] SZYMSZAL J., GAJDZIK B., KACZMARCZYK G. The use of modern statistical methods to optimize production 
systems in foundries. Archives of Foundry Engineering, vol. 16, No. 3, 2016, s. 115-120. 

[7] PIĄTKOWSKI J., GAJDZIK B., MATUŁA T. Crystallization and structure of cast A390.0 alloy with melt overheating 
temperature, Metalurgija, 2012, vol. 51, no. 3, pp. 321-324. 

[8] BURDZIK R., KONIECZNY Ł., STANIK Z. et al. Analysis of impact of chosen parameters on the wear of camshaft. 
Archives of Metallurgy and Materials, 2014, vol. 59, no. 3, pp. 957-963.  



 

 

SESSION D - MODERN TRENDS IN SURFACE ENGINEERING 
 
Chairlady and chairman: 

Assoc. Prof. Ing. Jitka PODJUKLOVA, CSc.  VSB - Technical University of Ostrava, Czech Republic, EU 

Ing. Rene SIOSTRZONEK, PhD.    VSB - Technical University of Ostrava, Czech Republic, EU 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1040 

THE INFLUENCE OF THE NONCONVENTIONAL TREATMENT IN MAGNETIC FIELD ON THE 
SUPERFICIAL LAYER TREATED IN PLASMA 

PAPADATU Carmen Penelopi 

Dunarea de Jos University, Faculty of Engineering, Galati, Romania, EU,  
papadatu.carmen@yahoo.com 

Abstract 

The paper wants to be a review of the own researches realized in the nonconventional treatments domain, 
corresponding to the magnetic field treatments applied to a steel of construction for industrial parts, for gears 
and some parts of industrial machines. The magnetic field applied under certain conditions during the cooling 
process of the sample in the case of the improvement treatments, modifies the properties of steel, the 
hardness, the corrosion resistance and the wear resistance increase.  

The studies on tribomodels during the dry friction processes determine the wear intensity for a certain type of 
tribomodel and for a certain type of material. An Amsler stand was used. The experimental study uses two 
distinct values of task of loading (Q). The rollers with different diameters were used in order to obtain different 
sliding degrees (ξ). The Diffractometric aspects have completed this study. 

A thermo-chemical treatment in plasma with diffusion applied at a temperature under the temperature of the 
thermo-magnetic treatment leads at high wear resistance and better characteristics of the superficial layers of 
the steel. 

Keywords: Steel, thermo-magnetic treatment, wear process 

1. INTRODUCTION 

Between the years 1920-1930, Herbert E. showed that when it is used a constant magnetic field intensity, the 
hardness of the steels increases. The energy of the magnetic field may intervene in the balance of the global 
power of the phase transformations in solid state altering the thermodynamics, kinetics and the mechanisms, 
the structures and some properties of the steels.  

The magnetic field leads to a decrease of the residual austenite content (Arez) during the annealing/hardening 
treatment of the tool steels, according to the literature [1, 2, 4]. For example, it was calculated that 30% Arez 
in a hardened steel that it contains 1.1% C and 8% Ni, is transformed by returning to 360 ˚C in 30 minutes, 
while the same steel, the same amount of the residual austenite was transformed by the treatment in magnetic 
field by returning to 360 ˚C in 24 minutes. 

Experimentally it was found that the magnetic field reduces the cooling capacity of the quenching medium , 
being reduced its influence over oil and water cooling during the treatments, while the aqueous salt solutions 
accentuates the action of the magnetic field. 

When the transformation was produced in a magnetic field with a H intensity and the induction I, the 
thermodynamically calculus shows that the temperature of the transformation - to which attends a magnetic 
phase - it „moves” with the following value [1]:                               

ΔT =  (T0 - TTR)                                                                                                                                                (1) 

It was considered that the temperature of equilibrum is T0 and the temperature of transformation (A1, MS,..) is 
TTR. The variation of the thermodinamically potential of two phases represents the motric force of the 
transformation  (ΔG). In the case of the martensitic transformation, this diferences of the temperature ΔT 
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corresponds of the modification of the temperature Ms with ΔT. This fact influences the transformation 
A(γ)→M(α) through the variation of the temperature MS and decreasing the residual Austenite quantity [1, 2]. 

The cooling in magnetic field during thermo-magnetic treatment regimes modifies the characteristics of the 
steel, comparing with the classic treatment results [2, 3, 4]. 

From the literature [2, 3, 4, 5] experimental was found that a large number of steels for bearings (RUL1, RUL2) 
and tools (CSOs and Rp sites) have an increased durability, a better resistance of corrosion and an increased 
resistance at dry friction caused by the increasing of the hardness and the decreasing of the amount of the 
lost material (mass loss) in dry friction process as a consequence of the magnetic field applied during the 
improvement heat treatment of the steels. 

Starting from the fact that the authors and researchers have not addressed the application of the thermo-
chemical diffusion treatment after the thermo-magnetic treatment, the research novelty consists precisely in 
applying of the plasma nitridation (nitriding) after the thermo-magnetic treatment. This nonconventional 
treatment modifies the characteristics of the resistance of the steel, the hardness and the plasticity of the 
steels.  

The novelty of this study is to apply a thermo-chemical treatment with diffusion (for example, plasma nitriding) 
at the temperature under the temperature of the thermo-magnetic treatment. Thus leads at high wear 
resistance, to the improvement steel. These researches were started in the doctoral thesis [6]. This thesis was 
finalized years ago but the researches continue. 

There were considered different thermo-magnetic treatments as improvement treatments with cooling in water 
in magnetic field applied before ionic nitriding treatment (plasma nitriding) at 530 ° C. This temperature of the 
thermo-chemical treatment was considered at 530 ° C, being specific for this kind of the improvement steel. 
The influence of such parameters affecting the nitrided layers’ thickness, for example: the hardness, the 
composition and the residual stress were evaluated. In the Literature, taking into account the nitriding process, 
at all temperature below 510˚C - 520˚C substantial quantity of the “S-phase” as found to be present, especially 
in the case of the austenitic stainless steel [2, 10]. In case of the low temperature (100˚C - 510˚C), plasma 
nitriding produces the expanded austenite (the S-phase) with good behavior at friction. Phase γ (Fe4N) appears 
at the higher temperatures than 500˚C and reduces the thickness of the S-phase. 

The magnetic field modifies the residual stresses which were obtained by treatment of hardening/tempering. 
This process depends by the content of the carbon from the structure of the steel. In all the cases, the cooling 
in magnetic field has been made during the improvement treatment of these steels, the residual stresses by 
hardening decreases, the residual austenite quantity decreases too and -as a result- the magnetic field has 
positive effect on the mechanical properties because the hardness of the steels and the wear resistance 
increase, both of them. 

The magnetic field causes the magnetostriction which produces tensions in solid solution microvolumes. 
Magnetostriction is a dimensional variation of ferrous-magnetic materials under the action of a magnetic field, 
also called Joule effect, which depends on the size and direction of the external magnetic field, the material 
and the heat treatment applied to steel [2, 3, 6, 9]. The effect of the magnetostriction consists in local plastic 
deformations and this effect decreases with the increases of the temperatures and disappears at the Curie 
temperature. The mechanical oscillations produced by the alternative current in magnetic fields change the re-
crystallization conditions, especially the germination velocity.     

2. MATERIALS AND EXPERIMENT 

For the experimental program, were considered the samples (rollers) from a steel grade of improvement for a 
machine part construction. This material has the following principal content: 0.42 %C, 0.02 % Al, 1.02 % Cr, 
0.17 % Mo, 0.68 % Mn, 0.22 % Cu, 0.33 % Si, 0.32 %Ni, 0.03 % P, 0.026 % S. The existence of the 
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Molybdenum content in the composition of the steel decreases the stiffening phenomenon. The outer diameter 
of the rollers has 40 mm, the inner diameter of the rollers has 16 mm and the width b = 10 mm.  

The first stage from the complex program of treatments consists in thermo-magnetic treatments.  

The treatment t1 represents a Martensitic hardening process (at 850 °C) and a high recovery process (at 
580°C), corresponding to a classic treatment of improvement. 

The treatment t2 represents a complete martensitic hardening process in a weak alternative magnetic field 
(cooling in water) and a high recovery process with cooling in water, in strong Alternative current (A.C.) of 
magnetic field. In this case, the samples were introduced in the centre of the electrical coil which was located 
in the walls of a cylindrical oven. The samples were introduced in the centre of the coil. 

The other treatment, t3, represents a hardening process (just cooling in water in strong alternative current 
(A.C.) of magnetic field) and a high tempering process (just the cooling in water in strong A.C. magnetic field). 
The treatment t4 represents a hardening process (just cooling in water, in direct current of magnetic field) and 
high tempering process (just cooling in water, in D.C. magnetic field).  

The samples were cooled in a special recipient “closing” the magnetic field lines.  

The second stage from the complex program of the treatments consists in applying the thermo-chemical 
treatment: a plasma (ion) nitriding at 530 °C, after thermo-magnetic treatment. The treatments were noted: 
Tca = T3 = t3 + plasma nitriding; Tcc = T4 = t4 + plasma nitriding; T1 = Tclassic = t1 + plasma nitriding; T2 = 
Tx = t2 + plasma nitriding. 

Micro-hardness (Vickers) values were measured on the treated surface layer obtained through thermo-
chemical treatment regimes shown above. Were performed a minimum eight determinations for each case. 

The wear tests (through a dry friction process) were carried out on an Amsler machine [10], using several 
couples of rollers, each couple corresponding to different sliding degrees (ξ), defined as the following relation 
[5, 8, 10, 11]: 

ξ = 1 − . 100, [%]                                                                                                                                     (2) 

In this case, v
1 

and v
2 

are the peripheral velocities of the rollers in contact, each one having their specific 

peripheral velocity. For this kind of tests there were used rings (rollers) with the width (b) 10 mm [6, 10,11]. 
Each case has a particular combination of angular speeds (n

1
, n

2
) according to diameter sizes (d

1
, d

2
). Index 

1 or 2 are added for the roller 1 or 2, respectively, both of the same tested friction couple. For instance, 
theoretically, ξ=10 % corresponds to a pair of tested rollers having the outer diameter of conducting roller  
d

1
= 40 mm, for n

1
=180 rpm and the outer diameter of the second roller d

2
= 40 mm (k = 0.90) and ξ=20 % 

corresponds to a pair of tested rollers having d
1
= 44 mm, n

1
=180 rpm and d

2
= 40 mm (k = 0.90). It were 

determined the durability of the rollers and the surface structure evolution for different parameters of testing 
regimes. Every test of wear/friction had a duration by three hours, for each task loading value [6, 8, 10]. 

Experimental program continues with diffractometrical aspects of the superficial layer during three hours of 
wear tests. Diffractometric test was realized using a Dron 3 from the Laboratory of Dunarea de Jos University, 
Galati, Romania. 

3. RESULTS AND DISCUSSION  

After plasma nitriding the white superficial layers had higher depths in the case of thermomagnetic treatment. 

In Figure 1 was represented the evolution of the hardness v.s. the applied basic treatments.The magnetic field 
influences (increases) the hardness of the steel. In Figure 2 was presented the evolution of the micro-hardness 
values (Vickers) in the ion (plasma) nitrided layer, depending on the treatments, at 0.25 mm distance from the 
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surface of the samples, in depth of the samples (of the leading rollers of wear). In  
Figures 3, 4 and 5 the microhardness values after the treatments T1, T2, T3 and T4 were noted with HV1, 
HV2, HVca respectivelly, HVcc. 

   
Figure 1 The hardness values after the basic 

treatments applied before the thermo-chemical 
treatment. 

 
Figure 2 The evolution of the micro-hardness 

values in the ion nitrided layer, depending on the 
treatments, at 0.25 mm distance from the surface of 

the samples 

 

Figure 3 Microhardness values after the treatments 
T1 and T3 v.s. the thickness of the nitrided layer 

(GT1), before the wear tests. 

 

Figure 4 Microhardness values after the treatments 
T1 and T4 v.s. the thickness of the nitrided layer 

(GT1), before the wear tests. 

 
Figure 5 Microhardness values after the treatments 

T1 and T2 v.s. the thickness of the nitrided layer 
(GT1), before the wear tests. 

Figure 6 The evolution of the worn-out layer depth 
(Uh) v. s. the sliding degrees (ξ= 10 % or 20%) and 

normal load (Q= 75 daN or 150 daN), for the 
treatment T1, after two hours of wear tests. 
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Figure 7 The evolution of the worn-out layer depth 
(Uh) v.s. the sliding degrees (ξ= 20 % or 10%)  

and normal load (Q= 150 daN or 75 daN),  
for the treatments T1 v.s. T2, after 2 hours of wear 

tests . 

Figure 8 The evolution of the worn-out layer depth 
(Uh) v.s. sliding degrees (ξ) and normal load (Q), T1 

v.s.T3, after two hours of wear tests. 

In the case of the thermo-magnetic treatment (A.C. Magnetic field, T3 = Tca) followed by plasma nitriding, the 
superficial nitrided layer had a higher value of the hardness. In Figures 6 - 8, were represented the evolution 
of the worn-out layer depth (Uh) after two hours of dry wear tests v.s. the sliding degrees (ξ) and normal load 
(Q), depending by the treatments. 

Figure 9 Evolution of the phases 
distribution in the nitrided layer, 
after T1, depending by the wear 

duration, Q=75 daN, ξ=10%. 

Figure 10 Evolution of the phases 
distribution in the nitrided layer, 
after T1 depending by the wear 
duration, Q=150 daN, ξ=10%. 

Figure 11 Evolution of the 
phases distribution in the 

nitrided layer, depending by the 
wear duration, Q=150 daN, 

ξ=20%  (after T1). 

From diffractometry point of view, in Figures 9 - 14 were represented the evolution of the distribution of the 
phases depending by the wear duration corresponding to different normal load values and the evolution of the 
tetrahedral degree of martensite (B211) in the superficial layer, for every case. 
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Figure 12 Evolution of the 

phases distribution in the nitrided 
layer, depending by the wear 
duration,in the case of Q=75 

daN, ξ=20% (after T2). 

Figure 13 Evolution of the 
tetrahedral degree of martensite,in 

the case of T1 v.s. T2, ξ=10%, 
after three hours of wear tests,  

Q = 75 daN 

Figure 14 Evolution of the 
tetrahedral degree of 

martensite,in the case of T1 v.s. 
T3, ξ=20%, after three hours of 

wear tests,  
Q = 150 daN 

 
Figure 15 Microstructure after T1, 

(x100) Nital Atack 2% 

 
Figure 16 Microstructure after T3, 

(x100) Nital Atack 2% 

 
Figure 17 Microstructure after 

T2, (x100) Nital Atack 2% 

In Figure 18 was represented the evolution of the nitrided layers’ thickness v.s. the applied treatments. 

 
Figure 18 The thickness of the nitrided layer 

v.s.the applied treatments 

 

Figure 19 Deviation of the position of the diffraction 
line (220) corresponding to the first order internal 

tensions, depending on the duration of wear, after the 
treatment T2 

If the carbon percentage is up to 0.6%, the evolution of the degree of tetragonality (c/a) of the Martensite in 
the wear process can be controlled by the evolution of the diffraction line. 
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4. CONCLUSION 

Basically, the hardness of the steel increased by approx. 50% for unconventional T2 treatment and approx. 
40% for unconventional T3 treatment (alternative current-magnetic field). 

After the application of the thermo-chemical treatment, the micro-hardness of the superficial layer increased 
in the case of application of the magnetic field with approx. 20-30% depending on the treatment regime applied. 
The thickness of the worn-out layer through friction process has been reduced in the case of unconventional 
treatment. From the diffractometric point of view, the samples present changes in the content of Fe3N and 
Fe4N phases in the thermo-chemically treated superficial layer, during the wear process and due to the non-
conventional thermo-magnetic treatment applied as a basic treatment. 
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Abstract 

The contribution deals with possibilities of using infrared thermography for inspection, diagnostics and control 
in laser welding technologies. Laser welding methods and infrared thermography inspection methods are also 
introduced. Possibilities of non-destructive infrared thermography testing are demonstrated on examples of 
laser welded plastic samples and inspection of protective glasses of laser scanning heads used in laser 
welding technologies. 

Keywords: Thermography, infrared, inspection, laser, welding 

1. INTRODUCTION 

Industrial laser systems belong to modern tools for material treatment. Lasers are used in many industrial 
technologies, e.g. for cutting, engraving, marking, welding or heat treatment [1, 2]. Standard industrial laser 
systems mostly consist of a laser source, an optical path and a technological (processing) head. The laser 
source generates a laser beam which is conducted by the optical path to a laser technological head. The laser 
beam coming out of the laser head afterwards interacts with the surface of a treated material. The laser head 
can modulate the beam in such a way, so that it has optimal properties for a given technology. 

Laser scanning heads are modern type of laser technological heads. These heads contain active optical 
components, which make it possible to scan a laser beam across a working area. Movement of the laser beam 
can be very fast (m/s), which allows to achieve high processing speeds. The laser scanning heads are often 
mounted to an industrial robot, which enhances a flexibility of a specific technology. Laser beam welding (LBW) 
is one of the technologies which can profit from advantages mentioned above. It is referred to as remote laser 
beam welding (RLBW), if the LBW technology uses a laser scanning head. 

Laser beam welding [3, 4] is an advanced technology of a fusion bonding of the material. This technology is 
usable for a wide range of materials (aluminium alloys, steels, plastics and other) and applications. It is 
commonly used for example in automotive industry [5]. Laser beam welding is a complex physico-metallurgical 
process based on a rapid local heating of materials to be joined. The materials are heated above the melting 
temperature, which boosts diffusion processes and formation of a metallurgical bonding. The main advantages 
of LBW are that it brings a possibility of fast, precise, well controllable local heating by a laser beam of specific 
properties. It makes possible to perform laser beam welding with high efficiency and small weld heat affected 
zone (HAZ). It also brings a possibility to use welding technology in new applications, for example for products 
of complex geometry or products made of special materials, where it would be complicated or impossible to 
use conventional welding technologies. 

High-quality welds can be achieved only in the case of a choice of suitable processing parameters and precise 
process control. Efficiency and reliability of the technology and a quality of final products can be therefore 
significantly influenced by using suitable tools for diagnostics of process parameters and quality inspection of 
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final products. Thermography appears to be a suitable tool for inspection and diagnostic because of the 
technological principle, which is the thermal effect of the laser beam. 

Infrared (IR) thermography is an analytical method for non-contact measurement of temperature fields [6]. 
Thermography can be generally classified as active or passive. The passive thermography deals with 
observation of a natural temperature or temperature changes of inspected objects. Active thermography [7] 
applies an external excitation to an inspected object and analyses a thermal response of the object to the 
excitation. There is a number of different methods and sources usable for the excitation: direct heat sources 
acting by a single pulse (for example flash lamps or pulsed lasers) or periodically (for example halogen lamps 
or continuous lasers), internal excitation connected with a temperature response (for example ultrasound or 
electro-magnetic methods) and other methods. These methods are applied especially in infrared non-
destructive testing methods [8]. Thermography diagnostics of technological processes represents a boundary 
between the active and passive thermography. In the case of thermography diagnostics, the technological tool 
itself represents also the excitation source - that means for example laser beam in the case of laser welding. 

Thermography can be also classified as quantitative or qualitative. Exact temperature at measured positions 
is evaluated in the case of quantitative thermography. Temperature differences resulting in some contrast on 
a graphical representation of measured temperature field (so called thermogram) are evaluated in the case of 
qualitative thermography. Both passive and active thermography can be performed in the both quantitative 
and qualitative approaches based on application requirements.    

2. THERMOGRAPIC QUALITY CHECKING OF LASER WELDING OF PLASTICS 

Laser beam welding of plastics [9, 10] is a modern technology for joining of plastics parts. The main advantages 
of the technology are processing speed, reliability, flexibility and cleanliness of a production process. The 
principle of the technology, which is called "transmission welding", is schematically shown in Figure 1.  

 

Figure 1 Schematic representation of laser plastics welding principle. 

Two different materials are commonly used for the laser welding of plastics: a top part and a bottom part. The 
top plastic part is made of a material, which is transparent for the laser beam of a given wavelength. The 
bottom plastic part is made of a material, which absorbs the laser radiation (it is not transparent for the laser 
beam of the given wavelength). Alternatively, a configuration with two transparent materials with an additional 
“absorbent” inserted between them can be used. It is important to ensure a good contact of both parts. Thus, 
the parts are clamped under a certain pressure together. The laser beam passes through the top part and it is 
absorbed by the bottom part at the parts interface. The bottom part is heated up by the laser beam and the 
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top part is consequently heated at the parts interface by a conduction heat transfer. Both parts are then melted 
and a weld joint is formed as they are still pressed together. The laser wavelength is dependent on the used 
laser system. It means that an appropriate laser system should be used for specific materials. 

Two common problems are observed at laser plastics welding: poor contact and contamination of top part 
surface. The poor contact problem occurs if the welded parts are not in a right contact at some positions along 
the weld-line. It can be caused by shape imperfections of the welded parts or due to an insufficient pressure 
pressing the parts together. The bottom part is then heated but the heat is not transferred to the top part and 
the weld joint is not formed. The contamination of the top part causes absorption of the laser beam at the 
contaminated surface. As a consequence, the interface of both plastics parts is not heated sufficiently and the 
weld joint is not formed. On the other hand, the surface of the top part is often degraded by the laser beam 
incidence. Both these problems are reflected in different temperature profile of the weld-line compared to a 
correct welding procedure. 

Problems in the welding process can be detected by a thermography inspection. A temperature field of a laser 
weld-line is recorded by an infrared thermographic camera in a short time (several seconds) after the welding 
process. A reference weld-line temperature profile has to be initially found by help of a post-production 
inspection (destructive tests, microscopy etc.), where a good weld-joint is verified. Each following welded part 
is then checked by the infrared camera and the record is compared with the reference one. A correctness of 
the welding process is then evaluated based on developed algorithms. An example of inspection results 
showing a correct weld and a weld with an overheated area is presented in Figure 2. 

 

Figure 2 Thermography plastics laser welds inspection demonstration. Left: correctly welded parts. Right: A 
weld with an overheated area - red points show the weld parts with too high temperature. 

The above mentioned problems occur also in industrial production lines. It can occur if a new production 
process is implemented, if parameters of a standard production process are modified, but also during a 
standard operation of the production lines (e.g. new batch of material). The main advantage of the 
thermography inspection/monitoring is speed and reliability of the inspection and an ability to identify exact 
positions of defects (overheating or insufficient heating). It is therefore usable for a welding-processing 
parameters tuning as well as for a continuous production process quality monitoring. 

3. INSPECTION OF PROTECTIVE GLASS OF LASER SCANNING HEADS 

A contamination of working space by by-products of the technology (for example small particles of a treated 
material or fumes) can occur in laser technologies like laser cutting or laser welding. Thus, if a laser scanning 
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head is used, sensitive and expensive optical components inside the scanning head are protected by a 
protective glass. The glass protects the internal space of the scanning head against contamination. Along with 
it the glass should have maximum transparency for a specific radiation wavelength of the used laser.  

Transparency, cleanness and quality of the glass can be inspected after its production. However, the glass 
outer side can be contaminated during the laser head industrial operation. The contamination reduces 
transparency of the glass and thus affects a quality of the laser beam and thereby a quality of the technological 
process. Absorption of the laser beam on the contaminated glass can lead to local overheating of the glass. It 
can accelerate its degradation that can result in serious problems in the production process, damage of the 
glass or damage of the laser system. These problems can occur also if active methods of glass protection are 
used (compressed air or gas cross-jet for example). Inspection and early detection of the protective glass 
contamination is therefore an important task especially in the case of high-capacity production lines. 

The inspection of the glass can be performed by visual methods. Such an inspection is however influenced by 
skills of an operator. Making an inspection record is time consuming and technically complicated - it is 
necessary to disassemble the glass from the scanning head and to use a special scanner or photographical 
set-up. Other disadvantage of the visual inspection is related to wavelength differences. The visual inspection 
is limited to a visible wavelength range whereas technological lasers operate often in different wavelength 
ranges, for example in an infrared range. It is therefore preferable to use an infrared thermography inspection 
[11]. 

The experiments of an inspection of laser scanning head protective glasses were performed using two 
methods: flash-pulse inspection and laser thermography inspection. An inspected glass is excited by 
a light/thermal source and a response is observed and recorded by an infrared camera in both cases. The 
inspection method is based on a presumption that a contamination on the glass surface affects absorption of 
a transmitted excitation radiation, similarly as in the case of a laser beam in a real technological process. The 
absorption leads to a thermal response, which can be detected by the infrared camera. 

A flash lamp was used for the excitation and the response was recorded by a high-speed infrared camera in 
the case of the flash-pulse method. An evaluation was made using advanced evaluation methods [12]: PPT - 
Pulse-Phase Thermography and TSR - Thermographic Signal Reconstruction. The same laser beam as the 
one for the welding technology was used for the excitation in the case of laser thermography inspection. 
Parameters of the laser beam were adjusted for the inspection purposes and scanning over a whole inspected 
glass area was performed together with a continuous thermographic recording. A standard bolometric infrared 
camera was used for the laser thermography testing. Measurement results were evaluated using a special 
algorithm, which made it possible to evaluate maximal temperature in a time interval for each pixel. 

 

Figure 3 Example of an evaluation of laser scanning head protection glass contamination: a) optical scanner 
record, b) laser thermography inspection, c) flash-pulse thermography inspection 
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Results demonstration of inspection of contaminated and partially damaged laser scanning head protection 
glass is shown in Figure 3. A comparison of results of three inspection methods is shown in the picture: a) 
optical scanner record, b) laser thermography inspection, c) flash-pulse thermography inspection. 
A contamination and damage is apparent as individual points, clusters of points or areas. Larger areas are 
detectable also by the visual (optical scanner) inspection. However, the comparison shows that smaller points 
(spots) are not as evident by the visual inspection as by the thermography methods. When the external flash 
or laser excitation is used, a higher absorption of the excitation radiation at contaminated/damaged areas 
causes a response, which is detectable by the infrared camera. The contaminated or damaged areas can be 
then identified by flash-pulse evaluation methods or by local-maximums evaluation in the case of the laser 
thermography inspection. Detailed description of the experiments and results can be found in [11]. 

4. CONSLUSION 

The contribution briefly presents remote laser beam welding. Two methods of infrared thermography 
inspection are presented: detection of imperfect welds of plastic parts and inspection of a contamination and 
damage of laser scanning heads protective glasses. 

Possibilities of infrared thermography for welded plastics part inspection in the plastics laser welding 
technology are presented. The thermography inspection method is fast, reliable and makes possible to detect 
an exact position of the defect during the welding process. The method is therefore suitable for an inspection 
during a tuning of the welding procedure as well as for a continuous quality checking of welded parts in an 
industrial production line. 

Two infrared thermography methods for inspection of laser scanning heads protective glass are presented. 
The flash-pulse excitation and the laser excitation were used. Both methods indicate contamination or damage 
of the protective glass. The experiments were performed in laboratory conditions; however, both methods 
could be adaptable for an industrial usage. Flash-pulse method is suitable namely for a random inspection. 
The laser thermography method allows using the same laser as for the technological process and it is therefore 
more advantageous if an integration to a production technology is required. The presented applications show 
possibilities of infrared thermography for diagnostics of optical components of laser systems. However, the 
methods presented can be used for inspection of transparent materials in general. 
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Abstract  

The bulge test apparatus designed for the measurement of mechanical material properties of thin films was 
constructed and tested. The principle of the test is to apply pressure on a free-standing membrane, to measure 
the membrane shape and to analyse the results. Commercially available silicon nitride (Si3N4) thin films were 
used for the testing. It is shown that interferometric set-up designed and assembled for the apparatus enables 
precise determination of 3D shape of the whole membrane, which allows more precise determination of 
materials parameters compared to measurement of the height of the center of the membrane only. Fit of an 
analytical formula gives values of Young modulus and residual stress with very good agreement with the 
literature data. Moreover, FEM model of the bulged membrane was developed. The main aim of the effort is 
to enable measurement of plastic properties of a thin film of interest, that will be deposited on the Si3N4 
membrane with known properties and bulge test will be performed on the bilayer specimen. Subsequently, the 
material properties of the thin film will be obtained using FEM analysis.  

Keywords: Thin films, bulge test, mechanical properties 

1. INTRODUCTION  

Thin films have been used in many industrial and medical applications such as microelectromechanical and 
nanoelectromechanical systems and medical sensors throughout recent years and their importance is still 
growing [1,2]. Due to increased applications of thin films, new techniques for determining mechanical 
properties are needed. Behavior of thin film materials undergoing stress and deformation are disparate from 
bulk materials, therefore reliable testing methods had to be developed. Bulge test aside, several techniques 
have been introduced including nanoindentation [3], nano-scale tensile tests [4] and beam bending tests [5]. 
Nanoindentation method is widely used and suitable for measuring hardness and elastic properties, such as 
Young’s modulus and Poisson’s ratio, however, its ability to determine plastic properties is questionable. All of 
these different approaches meet with several difficulties, for instance sample preparation and data analysis 
[6,7].  

The bulge test technique consists of applying pressure on a free-standing membrane and measuring and 
analysing the membrane shape. It was originally proposed and used by Beams in 1959 [8]. While the principle 
of this technique is relatively simple, two difficulties occur: i) fabrication and manipulation with thin membranes, 
ii) analysis of results, i.e. deriving the relationship between pressure and membrane shape. Many methods of 
manufacturing the free-standing membranes could be found in the literature. Probably the most precise one 
takes advantage from the micromachinig techniques used in microelectronic industry [6]. Free standing 
membranes are produced by photolithography and selective etching of silicon substrate with thin film deposited 
on them. Due to etching dependence on crystallographic planes, it is only possible to make square and 
rectangular windows. Commercial Si3N4 membranes deposited on silicon wafer are available. Several authors 
used these membranes for determining properties of thin films following this procedure: the properties of 
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commercial membranes are precisely measured, another thin film of interest is deposited on it and bulge test 
is performed on the bilayer specimen [9]. Subsequently, the material properties of the thin film are obtained.  

In this paper, we report our effort in further developing of this technique. 

2. EXPERIMENT 

2.1. Specimens  

Si frames with square and rectangular windows with 
deposited Si3N4 thin films were fabricated by the 
Norcada company. Results presented here were 
obtained on 2 x 2 mm square membrane (Figure 
1). The thickness of the membrane was measured 
using SEM Lyra3 Tescan on a broken specimen as 
590 nm. Clamping membranes to experimental 
device proved to be challenge mainly due to fragility 
of the thin membrane. Pressing silicon window 
between two seals led often to membrane rupture 
or destruction of the silicon wafer itself. Therefore, 
another method was developed. Instead of 
clamping silicon wafer between two seals, it was 
glued using cyanoacrylate onto PMMA support with 
hole in the middle. This way, no external stress is 
applied on the membrane.  

 

2.2. Bulge test apparatus 

The bulge test apparatus was constructed as 
schematized in Figure 2. The differential pressure is 
applied using an industrial grade piston that presses 
the air by computer-controlled syringe pump. Pressure 
is measured by the low pressure transmitter with 
maximal error 0.5% connected to computer. The 
membrane shape is measured using an interferometric 
system (Figure 3). The light source for the Michelson-
type interferometer is a 633 nm fiber-coupled HeNe 
laser. The diverging beam from the fiber is collimated 
into diameter 10 mm using a doublet lens. The beam is 
then split into a measuring beam that reflects off the 
measured sample and a reference beam that reflects 
off a reference mirror with high surface flatness λ/10. 
The measuring beam then interferes with the planar 
reference beam at the output of the interferometer 
forming interference fringes that are projected onto the 
camera sensor using a camera lens (Carl Zeiss 
Pancolar 50mm f/1.8). The captured interferograms 
on each camera pixel are then used to calculate the change of the z position of the membrane during the 
experiment with resolution better than half of the laser wavelength. Since the beam diameter is larger than the 

Figure 1 Si frame with Si3N4 membrane 

Figure 2 Schematics of the bulge test apparatus 
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size of the membrane and the camera is used to capture the interference fringes, the entire membrane shape 
can be measured. Interference fringes of bulged membrane are visible in Figure 4.  

 

Figure 3 Interferometer setup 

The membranes were pressured from 0 to 10kPa and back to unpressured state. More than two thousands 
measurements of the membrane shape were done in one test. Number of points for which the z position was 
evaluated is 152x152. 3D reconstruction of the membrane shape was made in MATLAB software. The bulge 
test was performed with positive and negative pressure, however, no difference in the membrane shape was 
observed. 

 

Figure 4 Interferometric image of the membrane at 6 kPa pressure 
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3. DATA ANALYSIS 

3.1. Analytical model 

By applying pressure to one side of the membrane and measuring the shape of bulge, we are able to construct 
pressure-deflection relationship which is then used as data to fit analytical equations describing theoretical 
relation between height of the center of the membrane (w) and pressure (p). Following equation was used [9]: 

푝 =  퐶
휎 푡푤

푎
+ 퐶

퐸푡푤
푎 (1 − )

 (1) 

where a is the half-length of membrane window, t the thickness of film, σ0 the residual tensile stress which 
appears in the film during the film preparation due to different thermal coefficient of the film and Si substrate, 
E the Young’s modulus and  the Poisson’s ratio. C1 is constant which depends on membrane geometry and 
C2 also depends on membrane geometry, but it is a weak function of the Poisson’s ratio as well. The first part 
of the equation describes the linear effect of residual stress σ0 in the membrane, whereas second term is 
linked to stretching of the membrane under uniform pressure and contains elastic constants of given material 
[10]. 

Eq. 1 was fitted to experimental data. The result is shown in Figure 5. The overlap between experimental 
curve and the fit is very good. Assuming Poisson ratio as 0.27 [9], Young modulus derived from the fit is 207 
GPa, residual tensile stress is 163 MPa. Other parameters used in Eq.1 were: C1 = 3.393, C2 = 1.83 [9],  
t = 590 nm and a = 1mm. 

 
Figure 5 Pressure - deflection curve for 2x2 mm membrane center and the fit of Eq. 1. Experimental data 

point are in blue (25000 data points), the fit is represented by red squares.   

3.2. Finite element model  

For a square membrane with fixed borders subjected to pressure, Eq. 1 solves the displacement of the 
membrane center along the z-axis. Since the interferometric setup provides quite precise information of the 
whole membrane shape, more detailed analysis can be achieved. Therefore, an effort to obtain material 
parameters using finite element analysis which takes into account the whole membrane is ongoing. To 
approximate the displacement field determined experimentally, a finite element analysis is carried out in 
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ANSYS software. The numerical model considers geometric nonlinearity, i.e. large deformations are included 
in the model. Figure 6 shows a comparison between experimentally determined (Figure 6a) and numerically 
calculated (Figure 6b) shapes of the membrane at 10 kPa pressure. Input material parameters (Young’s 
modulus 207 GPa and residual stress 163 MPa) were taken from results of the analytical model. The difference 
between the experiment and the model is shown in Figure 6c. 

 
Figure 6 3D shape of the membrane, z position is described by color coding. a) Experimental shape of the 
membrane derived from the interferometric measurement, b) calculated shape of the membrane by FEM,  

c) difference between the two shapes; p = 10kPa. 

4. DISCUSSION 

Pressurizing apparatus and optical setup proved to be suitable for the purpose. Some difficulties appeared 
with clamping of specimens. Uneven deformation of the Si frame appeared during tightening which led to 
rupture of the membrane. Gluing the specimen on PMMA support eliminated the problem. The first results 
calculated by the analytical model (Young’s modulus 207 GPa and residual stress 163 MPa) match results 
given by other research teams quite well. Giving some examples from the literature in Young’s modulus 
[GPa]/residual stress [MPa] order: 225/227 [9], 255/217 [11], 217/411 [12], 222/- [13]. The manufacturer of the 
membranes used in this study reports residual stress being less than 250 MPa, which again corresponds with 
our outcome. Finite elements analysis was applied and proved to reproduce the experimental membrane 
shape quite well, when non-linear geometric parameters are used. Further study using numerical simulation 
will be carried out with the aim to expose more details about material parameters and behavior. Reproducibility 
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of the measurement and its precision must be further analysed. Interferometric setup designed for the 
apparatus supplies quite precise information about the membrane shape; however, some differences between 
experimental and simulated shapes appears close to two corners of the membrane (Figure 6c). Possible 
explanation may lay in non-uniformity of membrane (e.g. variation in thickness), in aberrations of lenses or 
possible necessity of more realistic numerical model. Further investigation will be carried out.  

5. CONCLUSIONS 

 Apparatus for the bulge test measurement was successfully constructed; 
 Interferometric measurement enables precise determination of the shape of whole membrane; 
 Young’s modulus 207 GPa and residual stress 167 MPa were determined using analytic formula in a 

good agreement with the literature; 
 FEM model is under development with the aim to obtain more material data and enable elasto-plastic 

analysis of bilayer film. 
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Abstract  

During the investigation a quality of the thermal diffusion coating dedicated for anticorrosion protection of 
fasteners was assessed. Because of similarity of parameters and structures, properties of the inspected 
coating (thermal diffusion) were compared with effects get as a result of hot-dip galvanizing. Coatings were 
deposited in industrial conditions on flat samples and screws made of 23MnB4 steel. The corrosion resistance 
of coatings was measured by neutral salt test - NSS. The kinetics of the corrosion on flat samples was 
additionally determined basing on the computer image analysis. Microscopic examinations concerned the 
thickness, the structure and the state of the surface (roughness) of assessed coatings. Conducted EDS 
analysis allowed for comparing the structure of coatings with the theoretical model. It was stated that the 
thermal diffusion coating was admittedly less resistant to corrosion in the examined environment, but as a 
result of the further optimization of process parameters (duplex method) and the method of surface preparation 
the significant improvement in anticorrosion properties is expected. 

Keywords: Zinc coatings, thermal diffusion, hot-dip galvanizing, fasteners  

1. INTRODUCTION 

Fasteners are very important part of constructions that influence on its final lifetime. There are a lot of 
parameters affecting on screw joint quality: initial material (wire rod) properties, cold processing conditions, 
heat treatment effects, anticorrosion coating deposition quality, hydrogen saturation and other [1]. Beside the 
mentioned factors also anticorrosion properties matters greatly the construction stability. In order to lower the 
threat from corrosion screws are made of different materials starting from the carbon steel, through the alloyed 
steel, aluminium alloys or also titanium alloys. For example for screw connections in road tunnels, or in interiors 
of pools 1.4529 steel is recommended [2]. Despite the screw connections made of the carbon steel after hot-
dip galvanizing demonstrate the lower corrosion resistance than the stainless steel [3], fasteners working in 
less aggressive environments, are most often made of the carbon steel which is usually protected by putting 
of the zinc coating. The most often applied methods of zinc plating are as follows: galvanizing, lamellar, hot-
dip and sherardizing [4]. With reference to screw connections all of mentioned methods are applied. Hot-dip 
mechanism of zinc coating creation is very similar to thermal diffusion process. In both cases the diffusion 
coating layer is created: 100 % Zn; FeZn13, FeZn7, Fe3Zn10 after hot-dip zinc galvanizing and FeZn7, Fe11Zn40, 
50% Fe after thermal diffusion [5]. The hardness of zinc layer achieved after thermal diffusion is even higher 
than after hot-dip galvanizing (FeZn7 -  300-350HB; pure zinc - 70HB). Amongst advantages of thermal 
diffusion galvanizing apart from the greater coating hardness also the higher adhesion to the base (diffusion 
coating), the possibility of using to high-strength steels galvanizing, the evenness of the coating put on the 
thread, the greater deformability and the reduced tendency to sparking during friction are mentioned [4]. 
Unfortunately there are a lot of differences in literature data regarding the corrosion resistance of thermal 
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diffusion coating in comparison to other zinc coatings [5-9]. On the one hand the accelerated comparative 
investigations of thermal diffusion and hot-dip coatings conducted in the environment of the neutral salt spray 
[5, 7] demonstrated lower corrosion in case of the thermal diffusion coating (1000 hours to the iron corrosion; 
for the hot-dip coating - 250 hours to the iron corrosion). Similar examinations concerning fasteners applied in 
roof connections showed the similar corrosion resistance of the hot-dip and thermal diffusion coatings [8], in 
addition in case of the TD coating a smaller weight decrease was stated - Figure 1 [9]. Next in examinations 
[10] it was stated, that protected by thermal diffusion galvanizing steel sheet is less resistance against 
corrosion than sheet after hot-dip galvanizing. 

 
Figure 1 Comparison of different coatings resistance in neutral salt spray (NSS) [9] 

Considering differences existing in literature authors decided to make an attempt to explain the reason of such 
data discrepancy with reference to both flat samples as well as fasteners protected by zinc coating deposited 
by hot-dip and thermal diffusion methods.   

2. EXPERIMENTAL 

2.1. Corrosion test  methodology 

Corrosion examinations - NSS tests, were conducted in a salt chamber - MARWO, MS 600 type, in the 
company laboratory of S.F. BISPOL S.A., according to the ISO EN 9227 standard. The duration of experiment 
amounted to 1000 h. Parameters of corrosion environment were as follows: environment - fog of the 5% of 
water NaCl solution, pH - 6.7 ÷ 6.9, temperature - 35 oC, the rate of the salt fog fall  - 1.6 ml/h. Samples were 
treated in industrial conditions: thermal diffusion according to PN-EN ISO 17668:2016-04 [11] in the mixture 
of zinc powder with activator and the filler in rotation chambers, turning with speed of 5-10 turns/min, in 
temperature 400 oC, within the time of the 4 h; hot-dip galvanizing according to PN-EN ISO 10684 [12] - etching 
in 12% HC, fluxing, dipping in Zn bath with Al, Bi, Ni; in temp. 460 oC, within time 1.5 min, cooling in water. 
During the experiment M10 screws and flat samples made of steel 23MnB4 and dimensions 25x25x3 mm, 
made in the 8.8 strength class were used.  

2.2. Microscopic analysis 

After corrosion tests the surface roughness of flat samples were evaluated using Phase View ZeeScan optical 
assembly for 3D surface scanning. Further the coated samples with the thermal diffusion coating was analysed 
using the metallographic examinations with application of the scanning microscope (SEM) EVO 25 MA Zeiss 
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with the EDS attachment that enables both qualitative and quantitative analysis of the chemical composition. 
Results of microscopic observations were compared to the theoretical model of the coating structure and to 
analogous inspections of the hot-dip coating which is very close in terms of the structure to the thermal diffusion 
coating. Additionally a computer image analysis was used to the evaluation of the  surface state after corrosion 
tests, for this purpose the "ImageJ" software was applied.  

3. ANALYSIS OF RESULTS 

3.1. Corrosion kinetics 

In Figure 2 an appearance of samples after thermal diffusion galvanizing and corrosion test is presented   with 
reference to the initial state of the sample surface. According to the ISO EN 9227 standard the surface of the 
samples should be assessed macroscopically in 24 h intervals. Basing on conducted experiment it was stated, 
that corrosion of iron - so-called "red" corrosion appeared on samples already after 24 h (Figure 3 - sample 
no. 2). The analogous effect was achieved in case of inspected screw, where the considerable part of the 
screw was covered with the red corrosion already after 24 h. As a result of further holding in a salt chamber 
the part of surface covered by product of iron oxidation slightly increased. 

 

 

 

 

    1      2           3      4         5 

       a           b 

 

 

Figure 2 An appearance of samples investigated in corrosion test: 1 - initial sample, 2 - sample after  24 h, 3 
- sample after 48 h, 4 - sample after 72h, 5 - sample after 96 h together with screw M10 before test - a  and 

after 96 h in salt chamber - b. 

 
Figure 3 Kinetics of the corrosion of flat samples after thermal diffusion galvanizing expressed in the percent 

of the surface occupied by "red corrosion" and roughness changes 
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a)            b) 

 

Figure 4 The comparison of isometric surface image of thermal diffusion coated flat samples before 
corrosion test - a and after 24 h in salt chamber - b 

The conducted computer image analysis enabled quantitative determination of surface part covered by "red 
corrosion" - Figure 3. The corrosion rate, which correspond to the inclination angle of straight line from 
Figure 3 is the highest in the initial stage of the corrosion, i.e. up to 24 h (2.75%/h). On the expire this time, 
the corrosion rate systematically decrease and in the range of 48-96 h achieves the value of 0.17%/h. It 
explicitly follows from the above analysis that beside traditional methods such as the measurement of the mass 
change, also the computer image analysis can be used to more precise determination of corrosion rate than it 
is taking place in case of the macroscopic evaluation, according to PN, or by comparison to standards. In case 
of analogous inspections of hot-dip zinc coatings [1] the red corrosion appeared after 816 h. With increasing 
of corrosion time also the surface roughness expressed by Sa parameter systematically increase from 2.54 
µm (surface after coating) to 4.81 µm after 96 h of corrosion test - Figure 3. The isometric surface images 
presented in Figure 4 confirmed that more and more part of surface covered with corrosion product results in 
its non-uniformity. The achieved results confirms very low corrosion resistance of thermal diffusion coating 
with reference to the hot-dip zinc coating. It is as unexpected, that in literature data considerable divergences 
are ruling in this area, and steel screws are protected by this method also in Poland. Moreover, in some 
publications it is possible to find information about the superiority of this method above among others the hot-
dip and galvanic coatings  [5].      

3.2. Microstructure analysis  

The aim of microscopic examinations and EDS analysis was to verify the compliance of the coating structure 
with the theoretical model - Figure 5 and the verification its quality considering layer thickness and appearance 
of the prospective discontinuities - cracks, porosity, delamination which could influence the reduction of the 
corrosion resistance. EDS examinations were being conducted both on the exterior surface of the coating, and 
on its cross section. Findings are presented in Figure 5 and compared additionally to this ones which was get 
as a result of analogous inspections of the hot-dip zinc coating - Figure 6, where the corrosion resistance was 
much greater. 
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a)                                                                                           b) 
 

 

 

 

 

Figure 5 Theoretical structure observed at the cross section of thermal diffusion coating - a [5] together with 
zinc distribution at the investigated coating cross section - b 

a)                                                                                           b)  

 

 

 
 

 

Figure 6 Theoretical structure observed at the cross section of hot-dip zinc coating - a together with zinc 
distribution at the investigated coating cross section - b 

Conducted analysis - demonstrates, that outside surface of the thermal-diffusion coating is very inhomogeneus 
in terms of the chemical composition. Areas existing on the samples surface differ essentially in terms of the 
zinc content - from 9.61 ÷ 41.2%. Individual areas differ also in colouring and the morphology. The surface 
with the increased content of zinc is demonstrating the needle structure. Increased content of zinc (to ab. 91%) 
is appearing in brighter places. Additionally the put coating is relatively thin. Its thickness amounts to ab. 21 
μm - Figure 5. The thickness of the thermal diffusion coating is usually included in the range 20 ÷ 120 μm [5], 
so the thickness of the analysed coating is close to the lower limit of the applied range. Also ranges of individual 
metallic phases appearing are a bit untypical. In Figures 5 and 6 the theoretical approximate ranges of Zn 
content in which individual intermetallic Fe-Zn phases (,, ,) [13] appears are separated by vertical broken 
lines at the assumption that iron is the rest to 100%. In the inspected coating biggest part is occupied by delta 
phase (ab. 12 μm), with lower zinc content, the range of zeta phase appearing is very narrow (ab. 2 μm). 
Comparing the structure of the thermal diffusion coating to the hot-dip coating being a point of reference - 
Figure 6, the last one apart from that is 5 times thicker (ab. 100 μm) also demonstrates the correct structure, 
completely in accordance with the theoretical model, where on the coating cross section the high-zinc phase 
is dominating (zeta). Apart from mentioned remarks, on the thermal diffusion coating cross section 
delaminations and cracks are observed which don’t exist in the hot-dip coating, and which can indeed reduce 
the corrosion resistance of this coating. 
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4. CONCLUSIONS 

The conducted examinations enabled to express the following conclusions:   

 Unexpectedly, the corrosion resistance of the inspected thermal diffusion zinc coating was much smaller 
than hot dip coating. Similar results were achieved irrespective of the shape of tested samples. Both on 
flat samples, as well as fasteners the corrosion of iron was observed already after 24 h. 

 The roughness measurements as well as the computer analysis of corroded samples surface can be 
applied successfully to determination of the flat samples corrosion kinetics. Unfortunately in case of 
elements with more complicated geometry as fasteners application of this type method is very difficult.   

 Both, discrepancies in literature data, as well as determined very low corrosion resistance of the thermal 
diffusion coating can result from diversification of the structure existing on the coating cross section: 
inhomogeneities of its outside surface in terms of the chemical composition, morphology and the too 
small thickness.  

 Considering the imperfections of thermal diffusion surface structure the aim of the next investigations 
should be increase the fasteners corrosion resistance protected by this method through the optimization 
of the following galvanization parameters: the kind and physicochemical properties of zinc powder, 
temperature and time of the process duration, with reference to the structure and the thickness of 
deposited coating and application of duplex method.  
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Abstract 

The study determines the effect of different surface preparation method of grade cast iron GJL-250 on the 
mechanical properties of the hot-dip zinc coating. The samples for testing were taken from the parts used in 
the construction of power overhead lines. Mechanical properties and wear intensity of the zinc coating was 
determined by tribological tests in conditions of dry friction, that were performed using a tester T-11. Study 
allowed for determination of the coefficient of friction of the zinc coating with dependence on the surface 
preparation method. In order to supplement the test results nanohardness on the cross-section of the applied 
coatings were measured. Measurements were carried out of the maximum load 20 mN using a diamond 
indenter type Berkovitch. Additionally, in order to determine the mechanisms of the coating damage 
macroscopic and microscopic analysis and measurements of surface texture were carried out. On the basis 
of the results studies, the differentiation in the degree of the coatings wear deposited after different method of 
surface preparation were evaluated. The research showed that the use of high-temperature oxidation as a way 
of surface preparation of the cast iron may decide on the tribological properties of the hot-dip zinc coating. 

Keywords: Cast iron, zinc coatings, surface wear, dry friction, oxidation 

1. INTRODUCTION  

Spare parts for power grids (handles, couplings) in atmospheric conditions corrode by reaction with the 
surrounding environment [1]. Destruction of corrosive materials can be effectively curtailed by its skilful 
prevention, mainly through the use of corrosion protection methods and the proper selection of materials. In 
the basic version, the grips and connectors of the power grids are made of aluminum or zinc-coated steel. 
However, practical and economic considerations lead to the attempt to use grey cast iron in the manufacture 
of network equipment [2, 3]. All metal coatings manufactured on an industrial scale may be damaged during 
transportation or use. The result of the parts interaction is tribological wear - the process of destroying and 
removing material from the surface of solids by friction, resulting in constant change of dimensions and shapes 
of defective parts. Fretting is a phenomenon of surface damage that involves the formation of local material 
emptiness in vibration parts or slight slippage as a result of cyclical impact and intense corrosion. The common 
characteristic of these interactions are strongly corrosive influence that accompany all stages of the destruction 
[4]. Corrosive wear products are metal oxides that act as abrasives. In addition, it can be observed that rough 
surfaces corrode faster than polished smooth surfaces. The reason for this phenomenon is to increase the 
rough surface area, which maintains more moisture, which in turn accelerates the corrosion and oxidation 
process [5, 6]. The tribological wear is most affected by the topography of the surface and the roughness of 
the surface. The surface with large number of unevenness is wearing out faster because the apexes participate 
in abrasive wear. [6, 7]. The study determines the influence of different surface preparation method of grade 
cast iron GJL-250 on the mechanical properties of the hot-dip zinc coating. 
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2. OWN RESEARCH 

In the study the cast iron grade GJL-250 with flake graphite and typical chemical composition specified in PN-
EN 1560:2001 was used. Test specimens were taken from the commercial parts used for the manufacture of 
network equipment - NK 2421 screw-and-cable clamping plates for closing the loops on the braces and 
connecting the two wires. Cover plates are made of cast iron secured additionally by zinc coating. Traditional 
cover plates surface preparation results in cracked and laminated zinc coating where in places of discontinuity 
corrosion arise (Figure 1). 

 
Figure 1 The appearance of overlay with visible corrosion focal points 

The research material was divided into three groups and subjected to surface treatment shown in Table 1. 
Sandblasting was performed using a pneumatic cleaning cabin with a cylindrical jet made of boron carbide. 
The angle of inclination of the cleaning nozzle to treated surface was approximately 45° at an operating 
pressure of 0.4 MPa. Sandblasting was performed using typical A95 corundum with a grain size of 1-2 mm 
and a hardness of 1355 HV. Shot-blasting was carried out in the cleaning chamber using the high carbon steel 
grit - chevron (broken) - GL 40. To clean the surface the grains in the shot broken size of 0.425 mm and a 
hardness of 600-700 HV were used. The process of high-temperature oxidation was carried out in ambient air 
in a furnace chamber, with electronic temperature controller PSK 600/25 VEB - Lokomotivbau 
Elektrotechnische Werke Company (temperature 850 °C; time 4h). 

Table 1 The method of surface preparation prior to galvanizing 

Series 
No.  

Surface treatment Method of surface preparation 

I CRUDE SURFACE Pickling in HCl (12%; 35gFe/dm3) 

Fluxing (pH = 4.80; 28oBe; 1,4gFe/dm3) 

II SANDBLASTING Blasting with electro-corundum 95A 

Pickling in HCl (12%; 35gFe/dm3) 

Fluxing (pH = 4.80; 28oBe; 1,4gFe/dm3) 

III SHOT-BLASTING Shot-blasting with steel shot 

Pickling in HCl (12%; 35gFe/dm3) 

Fluxing (pH = 4.80; 28oBe; 1,4gFe/dm3) 

IV HIGH TEMPERATURE OXIDATION Pickling in HCl (12%; 35gFe/dm3) 

Fluxing (pH = 4.80; 28oBe; 1.4gFe/dm3) 
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3. TEST RESULTS 

After surface preparation according to the methodology presented in Table 1, the surface geometry which can 
significantly influence the final quality effect of the protective coating have been analysed. Stereometric studies 
were conducted in 3D using the Perthometer Concept (MAHR) profilometer. Examples of surface isometric 
images are shown in Figures 2 and 3. The average values of measured roughness parameters Sa are shown 
in Figure 4. 

  
a        b 

Figure 2 Isometric surface image and roughness profile a) crude surface, b) after sandblasting 

  
a        b 

Figure 3 Isometric surface image and roughness profile a) after shot-blasting, b) after oxidation 

 
Figure 4 The average values of measured roughness parameter Sa 

To analyse the structure existing on the cross-section of the created zinc coating the metallographic specimens 
were prepared. For metallographic observation an optical microscope Axiovert A - 100 and scanning 
microscope Joel - J7 were used. Results of samples observations are shown in Figures 5 and 6. 
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a        b 

Figure 5 The structure visible at the cross-section of zinc coating: a) crude surface b) the sandblasted 
surface 

   
a        b 

Figure 6 The structure visible at the cross-section of zinc coating: a) the shot-blasting surface, b) the surface 
after oxidation 

The determination of friction characteristics were performed on a T-11 stand according to a fixed testing 
program. During test the following parameters were recorded continuously: friction force, temperature and 
time. Examples of test results are shown in Figures 7 and 8. 

  
a        b 

Figure 7 Area after the friction test (a), graph of the friction coefficient as a function of time (b) 
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Figure 8 Average value of friction coefficient determined for the tested surfaces 

4. RESULTS ANALYSIS 

As a result of hot-dip zinc galvanizing process of tested samples in the described conditions a uniform and 
continuous coating were created - Figure 2. On the basis of conducted own research and literature data it was 
found that the structure and metallic phases composition of coatings created on the samples after high-
temperature oxidation corresponds to the coating structure after classical surface preparation. Typical coating 
structure consists of a clearly visible diffusive - alloy layer and the outer layer. The diffusive layer can be divided 
in the following phases: Γ, ζ and δ the outer layer is formed of a η phase. In the case where the surface of cast 
iron was prepared traditionally the graphite penetration inside the zinc coating was observed (Figure 2a) 
causing the discontinuity. The results of the microscopic measurement of coating thickness confirmed that the 
lowest thickness of about 61-81 microns was achieved on the crude casting surface. For the shot-blasted and 
sand-blasted surface coating thickness was 63-82 microns. For cast iron, where the high temperature oxidation 
was used as a way of surface preparation the coating thickness had the highest value - 66-91 microns. So, it 
means that the coatings thickness fulfils the requirements of PN- EN- ISO 1461. 

The reason of such the coating thickness differentiation could be the surface roughness - level of surface 
development - before zinc galvanizing. The smallest measured roughness values - Sa = 4.3 µm - were 
determined for cast iron crude surface. After mechanical cleaning surface roughness increased to: Sa = 9.07 
µm for shot-blasting and Sa = 13.27 for sandblasting. After oxidation and the scale removal the average 
roughness values reached the level Sa = 6.78 µm.  

Due to the penetration of graphite into the zinc coating, the highest values of friction coefficient were measured 
for coatings without pre-oxidation. The coefficient of friction for the zinc coating deposited on the crude surface 
created after casting was 0.27. Lower coefficients of friction were obtained for the hot-dip coating obtained on 
previously mechanically cleaned surfaces. The coefficient of friction was 0.21 for shot blasting and 0.22 for 
sand blasting. The highest friction wear resistance was determined for zinc coatings deposited on surfaces 
previously subjected to oxidation. The arithmetic average coefficient of friction was here 0.19.  

As a investigation - tribological tests complement coatings hardness measurements with application of Anton 
Paar NHT2 device were conducted. Hardness tests were performed on the surface of each sample taking the 
15 measurements in accordance with the standard. In the case of hot-dip zinc coating additional 
measurements on the cross-section were made. The average depth of penetration of the indenter was equal 
to 0.8 microns on the surface. On the cross-section these values varied from 1.2 μm outside the coating to 0.8 
μm inside, where the iron content in the coating was greater. 
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5. SUMMARY AND CONCLUSIONS 

On the basis of conducted tests the following conclusions can be formulated:  

 The penetration of graphite into the hot-dip zinc coating may be the reason of increasing the value of 
the friction coefficient measured for the coatings deposited on cast iron. 

 The achieved results confirm that the high temperature treatment (oxidation) of grey cast iron castings 
surface, allows for hot-dip zinc coatings creation with the correct structure and thickness. 

 The zinc coating created on the cast iron surface after oxidation reveals the structure in accordance with 
Fe-Zn system. 

 Penetration of graphite into zinc can reduces the coating mechanical properties. 
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Abstract  

The zinc coating and/or zinc alloyed coating is one the most frequently used type of corrosion protection. This 
study was carried out to investigate and evaluate the corrosion behaviour of aluminium zinc alloy coated steel 
sheet at atmospheric condition. The aluminium-zinc hot dip coating was exposed for 10 years at industrial 
atmospheric test site Kopisty, Norther Bohemia. The article gives the overall evaluation of long-term exposed 
coating and progress of degradation of coating on cut-edges. 

Keywords: Zinc alloyed coating, 55%Al-Zn, atmospheric test, coating morphology, corrosion 

1. INTRODUCTION  

The zinc coating and/or zinc alloyed coating is one the most frequently used type of corrosion protection. The 
hot-dip procedure was developed for coatings alloyed by aluminium and magnesium; the electrolyte deposition 
procedure can be used for zinc coatings alloyed by iron, nickel or cobalt. As here are so many alloyed zinc 
coatings they long-term corrosion resistance is tested in various conditions, mainly in accelerated laboratory 
tests. It is quite well known that the alloyed zinc coatings have better corrosion resistance than the “pure” zinc 
coating.  

Technology of hot dip galvanising by alloyed coating zinc-aluminium was till used in continual processes - e.g. 
coatings with 5% Al and 55% Al contents. In 1962, the Bethlehem Steel commenced investigations into a 
range of AZ coatings applied to steel in the range 0 % to 70 % aluminium. After approximately eight years of 
continued development, the results clearly indicated that the 55 % AZ coating was the optimum coating 
composition. The results obtained after 13, 20, 22, 25 and 30 years of atmospheric exposure at rural, industrial, 
marine and severe marine sites demonstrated that the AZ coating was at least two to four times more corrosion 
resistant in all atmospheric test sites than conventional galvanized coating of similar thickness [1, 2]. 

Producers on the basis of over 30 years of monitoring at test sites, over 30 years of manufacturing experience 
and over 30 years of continuous research and improvement have enabled him to give 55Al-1.6Si-Zn coating 
with coating thickness 25 μm a 25-year warranty against perforation due to corrosion [3 - 7]. The aluminium-
zinc hot dip coating was exposed for 10 years at atmospheric test site Kopisty, Norther Bohemia. The article 
gives the overall evaluation of exposed coating. 

2. ALUMINIUM-ZINC HOT-DIP COATING CHARACTERISTICS 

Coating 55Al-1.6Si-Zn (commercial Aluzinc, Galvalume, Zincalume, Zintro-Alum, galval, Zalutite and other 
brand names) is used since 1970 on flat rolled products - sheets, strips. Aluzinc is suitable for application in 
roofing, wall claddings, gutters and downpipes, and other applications where long life is an essential 
requirement. It is formable, weldable and readily accepts paint finishes. Aluzinc coated steel has superior long 
term corrosion resistance in most atmospheric conditions. The technical parameters of these products are 
specified in EN 10346 Continuously hot-dip coated steel flat products - Technical delivery conditions. EN 10346 
covers products that are used where cold formability, high strength, a defined minimum yield strength and 
corrosion resistance are the most important factors.  

The characteristic silver metallic colour with small spangles gives Aluzinc a very attractive appearance. This 
is preserved over time without dulling, thanks to a thin, transparent layer of aluminium oxides formed on the 
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surface. Aluminium dendrites hold the zinc corrosion products on the surface. Although the corrosion 
performance is mostly related to the aluminium zinc alloy, the addition of approximation 1.5% silicon is vital. 
The primary purpose of the silicon is to control the growth of a brittle intermetallic layer that would otherwise 
form during manufacturing of the product [8]. The Zn-Al phase diagram has an eutectic composition at about 
5 wt. % Al and an eutectoid at 22 wt. % Al. Coating is a two phase coating: aluminium rich dendrites (80% vol.) 
and zinc rich interdendritic zones (20% vol.) containing silicon rich particles (Figure 1). At the interface with 
the steel, there is an intermetallic layer AlZnFeSi (1 to 2 μm thick). The thickness of the intermetallic layer at 
the coating/steel substrate interface is mainly determined by the speed of the strip throw the bath. 

 
Figure 1 Micrographic cross-section of Aluzinc coating´s structure 

Aluzinc combines the advantages of the two major components of the coating: the barrier effect of aluminium 
and the sacrificial protection of zinc, resulting in excellent resistance to surface corrosion. The aluminium 
protects the steel substrate, creating a shield between the surface and the atmosphere. The aluminium 
protects zinc melt age in concentrations from 10-3% by creation very thin Al2O3 film on its surface and protects 
against quickly oxidation of coating. This aluminium barrier is very stable, as the aluminium oxide coating that 
forms on the surface is insoluble in most environments, thus ensuring a long-lasting resistance to corrosion. 
This gives the steel much improved corrosion resistance compared to traditional galvanised material through 
the joint action of the sacrificial cathodic action of the zinc, and the barrier of aluminium present on the surface. 
This gives the material more corrosion resistance to normal zinc galvanised coatings, making it ideal for the 
most demanding of corrosive environments. This high level of aluminium in the coating also aids the material 
in keeping its aesthetic appearance much longer than zinc galvanised material. Corrosion resistance of the 
product is proportional to the coating thickness, hence to its mass. According producer the corrosion rate, i.e. 
the thickness of the aluminium-zinc coating that is lost every year in a normal environment to which Aluzinc is 
freely exposed, is a maximum 0.2 μm. 

The zinc component provides sacrificial cut edge protection - coating is anodic to substrate steel, so it gives 
the protective effect on the cut edges which duration depends on the environment corrosivity, the thickness of 
the coating, and the thickness of the steel sheet. Aluzinc coating is unable to protect a cut edge that is thicker 
than 1 - 2 mm. 

In case of the limited access to oxygen, i.e. during storage in coil in high humidity or under snow cover, the 
oxide film will not re-form sufficiently quickly, and corrosion attack will occur. The products of corrosion will be 
black, normally very thin and does not affect the anti-corrosion properties of the coating, and is only an 
aesthetic blemish. 

20 μm 
AlZnFeSi phase 

Zn rich phase 

steel 

Al rich phase 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1073 

3. EXPERIMENTAL 

3.1. Material and methods  

Test site Kopisty, performed according to ISO 8565 [9] is located in Northern Bohemia region, near to Most 
city, where heavy industrial pollution was in past. On-site measurement of environmental data (temperature, 
relative humidity, rain, air pollution, etc.) was done during the exposure. The atmospheric corrosivity of locality 
was regularly estimated according to EN ISO 9223 [10] for zinc and aluminium, too.  

Aluminium-zinc alloy coated steel sheet samples (55AlZn) were prepared for the study by cutting into 250 x 
300 x 1.5 mm panels and exposed on rack at 45° to south. According to the commercial data, the thickness of 
coating layer was approximately 15 ~ 20 μm. In given yearly periods (1, 2, 3, … to 10) the panels had been 
withdrawn and evaluated. In 2016 the 10 years´ exposed panels were evaluated.  

3.2. Atmospheric corrosivity at test site  

On-site measurement of environmental data was statistically treated on yearly average values (Table 1). 
Based on coupons´ yearly corrosion loss, the corrosivity of atmosphere at the test site is estimated by degree 
C2 according to ISO 9223 for zinc (4.69 g.m-2) and aluminium (0.23 g.m-2). 

Table 1 Selected average annual environmental parameters at test site 

T (°C) RH (%) SO2 (μg.m-3) NOx (μg.m-3) rain (mm) pH  of 
precipitation 

 10.1 76  17 26 527 5.4 

3.3. Evaluation of exposed panels  

After each year withdrawn the exposed coatings were examined under optical microscopy (50 x magnitudes) 
(Figure 2) and 3D digital microscope Keyence HVX-5000 (Figure 3). This figures show the non-uniform 
reduction of coating layer - different corrosion of zinc and aluminium phases. The average high difference is 
3.5 μm between zinc and aluminium phases.  

The 55AlZn coating thickness was measured by non-destructive magnetic method according to EN 13523-1.  
Measured values only negligible differ in each year exposure. After 10 years´ exposure the average reduction 
of thickness was only ca 3 μm from the original value. 

  
1 year 5 years 10 years 

Figure 2 Appearance of Aluzinc panels after various exposure periods (50x magnitudes) 

The cross section of 10 years´ exposed coating was examined and presented in Figure 4. 55AlZn coating 
corrodes by uniform corrosion. The corrosion on the panel is evident as very thin homogenous layer of 
corrosion product on coating created by Al phase. The corrosion was concentrated in interdendritic Zn-rich 
region. In spot where the Zn phase is reach the coating surface the corrosion attack deeply penetrate in coating 
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and follows the Zn phase. The residual coating thickness was measured on cross section, too. The average 
value of residual coating layer was 25 μm and confirms the very low corrosion rate of coating.  

  
Figure 3 Detail of Aluzinc surface after 10 years exposure period 

           
Figure 4 Cross section of of Aluzinc panels after 10 years exposure 

The 55AlZn sheets are mostly used as non-painted roof or cladding of building the corrosion of cut-edges is 
very important factor. The corrosion progress on cut-edges is evident after 10 years of exposure (Figure 5). 
The 55AlZn coating was corroded from the side edges to ca 200 μm where the 55AlZn was removed and thin 
layer of steel corrosion product formed. On the lower edge (slope 45°) the affected area was only ca 50 μm 
and the voluminous layer of steel corrosion product formed. Zinc/aluminium alloy coatings may have a 
tendency to weather to either a white or a medium- to dark- grey colour depending on the environment. This 
oxidation does not affect their service life. As corrosion product formed a very thin layer the XRF analysis 
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showed only the dust deposition. FTIR analysis shows presence of zinc chloride composition but not the simple 
one. 

 
Figure 5 Cross section of of Aluzinc panels after 10 years exposure 

4. DISCUSSION 

Prediction of durability of zinc coating can be done on the basis of knowledge of their thickness and zinc 
corrosion rate in given environment. The general values for atmospheric environments are published in 
technical standards EN ISO 9223 and EN ISO 9224. For zinc and zinc coating there is available a lot of 
corrosion data. The alloyed zinc coating as 55Al-1.6Si-Zn is more corrosion resistant in field and laboratory 
tests [11]. Average corrosion rate after 10 years exposure at atmospheric test site Kopisty was: 

 0.33 µm.a-1 for metallic zinc,  
 0.50 µm.a-1 for hot dip galvanised coating; and  
 0.30 µm.a-1 for 55AlZn coating - mainly in Zn phase. 

These results are not such promising as published data, but it may be caused the fact the tests performed in 
1970-1980s years were mostly conducted in more corrosive atmospheres.   

Aluminium has a strong oxidation tendency in an atmosphere, and forms a layer of alumina 2Al2O3 which is 
compact and stable. A thin film of Al2O3 has a good protective ability to prevent the Al-rich alloy phase from 
further corrosion. The Zn-rich phase, however, does not have the ability to form this type of protective film. 
Therefore, corrosion took place first in the Zn-rich phase. The durability of the sheared edges is linked to the 
mount of zinc in coating in relation to the ratio between coating and sheet thickness. The critical thickness 
limits of the substrate and coating with respect to corrosion must be established in each case individually, 
depending on the application. 
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5. CONCLUSION 

In building and construction, metallic coated sheet has been used in the form of profiled parts for roofing, 
cladding and as cold formed sections for many years. The surveys of roofs from 55Al-Zn sheets with a nominal 
coating thickness of 20-25 μm and a nominal coating weight of 150 g/m2 in both the USA and Europe shows 
their good to excellent condition both technically and aesthetically [12]. Roofs examined were mainly in urban, 
industrial, marine and acid rain environments, and ranged in age from 9 to 30 years. Most had a slope of less 
than 10°. 

This study was carried out to investigate and evaluate the long-term corrosion behaviour of aluminium zinc 
alloy coated steel sheet exposed for 10 years comparing with those of the Zn-coated steel [13]. The 
mechanism of corrosion in 55AlZn coating can be explained quite well because of the coating structure and 
different corrosion behaviour of zinc and aluminium phases. In industrial or rural atmospheres this coating 
behaves like an aluminium coating with edge protection being provided by the galvanic action of the zinc-rich 
phase [14]. 
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Abstracts 

Plasma nitriding is widely used as a final operation to improve wear, fatigue and corrosion resistance of 
industrial parts. Nevertheless, corrosion resistance can be further increased by post-oxidizing or by 
manganese phosphate conversion coating. This paper considers the duplex treatment of plasma nitriding and 
manganese phosphating of 42CrMo4 steel surface, widely used for manufacturing of breech mechanism in 
the armament production. Plasma nitriding was carried out at 500 °C for 15 h in different nitriding atmosphere 
having hydrogen and nitrogen gas flow ratio with 3 to 1 (l/h) and of 1 to 3 (l/h). Plasma nitrided steel samples 
were manganese phosphated (without lubrication). The treated samples were characterized using 
metallographic techniques, microhardness, and NSS corrosion tests. Different compound layer thickness 
under different nitriding gas ratio was confirmed. The X-ray diffraction analysis (XRD) confirmed different 
volumes of ε-Fe2-3N, γ´-Fe4N nitrides in the compound layers and hureaulite Mn5 (PO3 (OH))2 (PO4)2 (H2O)4 
in the manganese phosphate coatings. The visual and gravimetric evaluation was carried out and corrosion 
rates modified to weight gains were calculated for corrosion evaluation. After removing of corrosion products 
weight losses were measured and pitting factors were calculated. Duplex treatment (manganese phosphating 
after plasma nitriding) also displayed increased corrosion resistance and suppressed pitting propagation in 
comparison with the plasma nitrided steel samples and a potential to further increase of corrosion resistance 
of plasma nitrided structural steels. 

Keywords: Plasma nitriding, manganese phosphate, corrosion resistance 

1. INTRODUCTION 

Plasma nitriding (ion nitriding) is a chemical-heat treatment process that is generally employed to increase the 
surface hardness, fatigue strength, corrosion resistance and to improve the tribological behavior of various 
steels [1, 2]. Nevertheless the notch toughness is reduced [3]. After nitriding process a surface compound 
layer on the surface is created, usually composed of nitride phases γ´-Me4N and/or ε-Me2-3N, (iron and alloying 
elements nitrided like Al, Cr, Mo, V) [4, 5].The created compound layer is characterized by increased hardness 
and good corrosion resistance, which can be decreased by porosity. Porosity is evident with increased nitriding 
duration, the negative effect of porosity can be suppressed by the post-oxidation process used after the 
nitrocarburizing process (known as Tenifer® or Arcor®) [6]. Another type of conversion coating like 
phosphating can be applied for increasing the corrosion resistance of various steels, cast irons or zinc, 
magnesium, cadmium and often also aluminum [7]. Phosphating is usually applied for facilitating running-in of 
rotating machine parts, decrease drag friction and also reduce the risk of seizure of coated gear wheel as well. 
The most frequently used process is zinc phosphating process (coating formed mainly by hopeite Zn3 (PO4)2 
(H2O)4), mixed zinc-calcium phosphate (formed by scholzite Zn2Ca(PO4)2 (H2O)4), so-called “three-cations” 
phosphating (formed by phosphophyllite) and manganese phosphating (formed usually by dense crystalline 
coating of hureaulite Mn5 (PO3 (OH))2 (PO4)2 (H2O)4). In the temperature range of 160 °C - 400 °C the 
dehydration of phosphates occurs. Hureaulite (manganese phosphating) deals for the most thermal stable 
type of phosphating. The weight-loss of hopeite (zinc phosphate) at 400 °C reached 12 wt%, for scholzite 
(zinc-calcium) 14 wt%,for tri-cation phosphate 14 wt% and for hureaulite (Mnph) approximately 10 wt% [8].  
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This paper is focused on the comparison of corrosion resistance of tempered, plasma nitrided and duplex 
treated (plasma nitrided and further manganese phosphated) 42CrMo4 (AISI 4137/4140) steel. The corrosion 
resistance was tested using the NSS corrosion test according to ISO 9227 standard and visually and 
gravimetrically evaluated. After removing the corrosion products, the surface was evaluated using the laser 
confocal microscopy. Results of corrosion tests were further supplemented by metallographic documentation 
and measuring of compound layer thickness using light microscopy. Thickness and microhardness of created 
layers were measured by Vickers microhardness method in accordance with DIN 50190 standard.  

2. EXPERIMENTAL 

For the study was used the 42CrMo4 (AISI 4137/4140) steel, widely used for manufacturing of breech 
mechanism and gun barrels in the armament production, with the following chemical composition (in wt.%): 
0.40 C, 1.08 Cr, 0.63 Mn, 0.27 Si, 0.15 Mo, 0.10 Ni, 0.0019 S, 0.0012 P. Chemical composition was verified 
using the Q4 Tasman device, calibrated by Fe 130 and Fe 140 standards. The steel bar was cut into discs of 
diameter 80 mm and 4 mm thick. Steel samples were normalized at 870 °C, oil hardened at 850 °C for 20 min 
and air tempered at 550°C for 40 min to achieve standard mechanical properties. All the surfaces of samples 
were grinded to roughness Ra = 0.4 μm and degreased in ethanol prior plasma nitriding and following duplex 
treatment (plasma nitriding and manganese phosphate coating). 

Plasma nitriding was performed at 500 °C for 15 hours under different plasma nitriding atmosphere gas ratio 
in the RUBIG PN 60/60 device, marked as PN3H:1N for 24H2:8N2 (l/h) and PN1H:3N for 8H2:24N2 (l/h). Prior 
each plasma nitriding process were the samples plasma cleaned at 480 °C for 0.5 hour in the 20H2:2N2 (l/h) 
atmosphere. 

The manganese phosphate coating was created in a standard solution containing H3PO4, MnO2 and 
demineralised H2O, marked as PN3H:1N + Mnph and PN1H:3N + Mnph. Plasma nitrided and duplex treated 
steel samples were compared to not treated samples (marked as Tempered) and to manganese phosphated 
one (marked as Mnph). The mean value of measured Mnph coating.  

The manganese phosphate coating was created in a standard solution containing H3PO4, MnO2 and 
demineralised H2O, marked as PN3H:1N + Mnph and PN1H:3N + Mnph. Plasma nitrided and duplex treated 
steel samples were compared to not treated samples (marked as Tempered) and to manganese phosphated 
one (marked as Mnph). The mean value of measured Mnph coating was approximately 3.7±0.5 (μm) on 
tempered and plasma nitrided steel samples. 

All prepared samples were crosswise cut, with SiC paper wet grinded (with grit size from 80 to 2000), polished 
by diamond paste with grit of 1 m and finally etched by 2% Nital. The cross-sectional martensitic-carbidic 
microstructures of prepared tempered (not-nitrided), nitrided and Mnph coated were grinded, studied by optical 
microscopy and the microstructures are shown in Figure 1.  

Table 1 The nitride layer depth 

Process Layer depth (µm) Compound layer (µm) 

PN3H:1N 200 6.6±0.4 

PN1H:3N 240 8.9±0.6 

PN3H:1N + Mnph 180 5.1±0.4 

PN1H:3N + Mnph 200 8.8±0.6 

The compound nitride layer porosity is visible after 15 hours of plasma nitriding process (see the arrow in 
Figures 1 a, b. Increased porosity of compound layer has a negative influence on corrosion resistance for 
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predominantly ε-Fe2-3N nitride formed compound layer. As well as the compound layer thickness increases 
with increasing ratio of N2 to H2 in nitriding atmosphere, from 6.6 m (PN3H:1N) to 8.9 m (PN1H:3N). 
Compound layer thickness and Mnph coating measuring were confirmed by light microscopy measurement 
using Olympus DSX 500 (see Figure 1 and Table 1). The depth of diffusion layer was evaluated by 
microhardness measuring using automatic microhardness tester LECO LM 247 AT equipped with the software 
AMH43 in accordance with DIN 50190 standard in the direction from the surface to the core at 50 g load and 
10 s dwell defined by 18 indentations (summarized in Table 1). 

Mnph converse coating was carried out to eliminate the porosity of compound layer on plasma nitrided and 
tempered steel samples. After applying a coating on the samples, as shown in Figure 2, the phase analysis 
was performed. The phases were analysed by XRD Rigaku Miniflex 600 device (Rigaku D/teX Ultra 250, Cu 
Kα radiation), using PDXL software with PDF-2 and Crystallographic Open Database for quantitative analysis. 
As seen in Figure 3, hureaulite Mn5 (PO3 (OH))2 (PO4)2 (H2O)4) was created, detected between the 5° and 
30° on the plasma nitrided steel surfaces.  

X-ray phase analyses proved also nitrides composition of the compound layer of plasma nitrided 42CrMo4 
steel, dependent on the nitriding gas ratio. It is evident, that increased ratio of N2 to H2 (l/h) promotes the 
creation of ε-Fe2-3N nitrides.  

Figure 1 Cross-sectional microstructures a) PN 3H:1N, b) PN 1H:3N 

The corrosion tests were performed in the 5 % neutral sodium chloride solution (NSS) in accordance with ISO 
9227 standard in the VLM GmbH SAL 400-FL corrosion chamber. Corrosion test conditions: the temperature 
of 35 ± 2 ºC, 5 % neutral sodium chloride solution, the amount of vapor condensation was set for 1÷2 ml.h-1 
on square of 80 cm2, pH 6.5 ÷ 7.2, the suspension angle of 20º from the vertical line, the exposition period 2, 
4, 8, 24, 48, 72, 96, 144 and 196 hours. The samples were degreased by ethylalcohol before the corrosion 
testing.  

During the corrosion tests the corrosion rate Kcorr (mg. cm- 2.h-1) was calculated, modified to weight gain 
measured during every testing corrosion period as the El-Sayed [9]:  

Pores 

a) b) 

Pores 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1080 

 
Figure 2 Mnph coating on the PN 1H:3N (SEM 1000x Tescan Vega) 
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where the mt (mg) is weight gain in evaluated time period defined by mt =  mh - mint (mg), the mh (mg) is the 
measured weight in evaluated time period and mint (mg) is the initial weight before corrosion test, S (cm2) is 
the total surface area and t (h) is the evaluated time period.  

Weight-loss evaluation for all corroded samples was performed reaching the 196 h testing exposure after 
removing corrosion products (in accordance with ISO 8407 standard). Weight-loss evaluation after finish the 
corrosion tests was expressed by ∆mx (mg.cm-2) (2) given by ISO 9227 standard:  

 2int

S
kmm




 cmmgmx                                       (2) 

where the mint (mg) is the initial weight before corrosion test, mk (mg) weight after removing corrosion products 
and S (cm2) is the total surface area. All values of mt, mint and mk used for Kcorr and ∆mx calculation represents 
average values of five weight measurements. 

Finally, the corrosion-free surfaces were additionally by the laser scanning microscope OLYMPUS OLS 3000 
evaluated to study of the type of corrosion and pitting factor (PF) given by ISO 11463 standard was calculated, 
as a ratio of the deepest penetration to the average penetration of 10 measured penetrations. 

 
Figure 3 XRD patterns of plasma nitrided and further Mnph coated samples 
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Figure 3 XRD patterns of plasma nitrided and further Mnph coated samples 

3. RESULTS AND DISCUSSION 

Different trends of corrosion propagation were observed during the NSS corrosion tests. The difference of 
corrosion resistance of plasma nitrided samples was related to plasma nitriding conditions and parameters of 
created nitride layers. The corrosion resistance was during the exposition periods (2, 4, 8, 24, 48, 72, 96, 144 
and 196 h) after drying visually evaluated using the QuickPHOTO Industrial 2.3 software with Phase analyses 
application and corroded surface (in %) was calculated as seen in Figure 4. 

The progress of surface corrosion attack (in %) during the NSS corrosion test and correlation to weight gain 
(in mg) is summarized in Figure 5. There is no correlation between the progress of corroded surface (line 
plotted) and the weight gain (point plotted) for plasma nitrided steel samples (PN3H:1N and PN1H:3N) as seen 
in Figure 5. Very good correlation was found for the duplex treatments, resp. for PN3H:1N + Mnph and 
PN1H:3N + Mnph).  

The disagreement between the corroded surface (%) and weight gain (mg) is related the compound layer 
porosity and to the type of corrosion. After corrosion products removing can be determined the corrosion 
mechanism (Figure 6).  

  
PN 1H:3N PN 1H:3N + Mnph 

Figure 4 Visual evaluatin QuickPHOTO application, after 48h in NSS 

It is evident, that the mechanism of corrosion propagation was changed. For tempered samples is the typical 
uniform type of corrosion, in 48 h of exposure whole surface was corroded (see Figure 5 and Figure 6). For 
plasma nitriding was the corrosion propagation changed and shifted into the localized (pitting) type of 
corrosion.  

Corrosion 
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As seen corroded surface reached 100% in 144 h of exposure (PN3H:1N), respectively 90% in 196 h 
(PN1H:3N), but with highest weight gain related to deeper penetration (Figures 5 and 6).  

The level of localized corrosion (pitting) can be expressed as so-called “Pitting factor” (PF). The value  
of PF = 1 represents the uniform type of corrosion and PF > 1, represents increasing of pitting. Comparing the 
corrosion resistance evaluation plotted in Figure 5 and Figure 7 can be summarized as following: untreated 
steel (Tempered) and Mnph coated steel showed wide uniform corrosion with PF = 1 and Kcorr - weight gain 
0.114, resp. 0.095 (mg.cm-2.h-1). 
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Figure 5 Corroded surface (%) and Weight gain (mg) - NSS corrosion tests 

Application of plasma nitriding (PN 3H:1N and PN1H:3N) reduces the propagation of uniform type of corrosion 
but tends the localized one (pitting), which was characterized by increased Kcorr - weight gain 0.133 resp.  
0.146 (mg.cm-2.h-1) and PF = 1.34, resp. PF = 1.22. Significant reduction of uniform corrosion propagation and 
Kcorr - weight gain (mg.cm-2.h-1) can be achieved by duplex treatment (PN + Mnph coating). Kcorr was reduced 
to value 0.065, resp. 0.029 (mg.cm-2.h-1), even the PF was reduced to PF = 1.2 (for PN3H:1N + Mnph) and  
PF =1 (for PN1H:3N + Mnph). The lowest weight-loss ∆mx = 10.5 (mg.cm-2) was found for PN1H:3N + Mnph, 
followed by ∆mx = 20.6 (mg.cm-2) for PN3H:1N + Mnph, ∆mx = 29.15 (mg.cm-2) for Mnph,  
∆mx = 31.7 (mg.cm-2) for Tempered, ∆mx = 32.5 (mg.cm-2) for PN3H:1N and highest ∆mx = 37.9 (mg.cm-2) for 
PN1H:3N.  

  

Figure 6 Laser confocal microscopy 3D surface evaluation of chemically cleaned samples  
a) Tempered (uniform corrosion); b) PN1H:3N (uniform and localized corr.) 

a) b) 
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4. CONCLUSION 

The present work describes the corrosion resistance of plasma nitrided and duplex treated (plasma nitrided 
and Mnph coating) 42CrMo4 steel and evaluation methods of realized exposure NSS corrosion test. The most 
relevant conclusion is as follows: 

 Corrosion resistance evaluation by surface propagation (corroded surface in %) is not relevant, it is 
necessary to complete the evaluation by gravimetric measurement; 

 Plasma nitrided 42CrMo4 steel tends to increased Kcorr-weight gain and localized corrosion, caused by 
compound layer incompactness expressed by pitting factor (see Figure 7); 

 Manganese phosphating of plasma nitrided structural steel rapidly decreases the surface corrosion 
propagation, Kcorr, weight losses and even decreases the level of pitting factor (localized corrosion). 
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Figure 7 Pitting Factor (PF) correlation to Kcorr (mg.cm-2.h-1) 
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Abstract 

Carbonitriding combines the effects of saturation of the surface of the component with nitrogen and carbon 
simultaneously. The layer has a hardness approaching 1000 HV and is highly resistant to galling and abrasion. 
For this reason, carbonitriding components are used in applications with high demands on thermal load and 
wear resistance (e.g. valves of internal combustion engines, segments of crankshafts, etc.). Mostly in case of 
components after carbonitriding are not required subsequent grinding due to a minimum increase of the 
dimensions and small changes in surface roughness. Presented work documents a change of parameters of 
the surface topography of 16MnCr5 steel after carbonitriding in gas and plasma. The layers were applied to 
the grinded surfaces of the specimens and then compared. The surface morphology and 2D and 3D surface 
parameters were measured. After carbonitriding considerable porosity of the resulting layer was found, 
especially after carbonitriding in gas. Applications of carbonitriding both in gas and plasma resulted in only a 
slight increase observed roughness parameters. 

Keywords: Carbonitriding, surface topography, surface roughness 

1. INTRODUCTION 

During the carbonitriding process, the steel surface is simultaneously saturated with nitrogen and carbon for a 
period of usually 2 to 4 hours at 600 °C ± 20 °C [1]. The process is most commonly used for carbonitriding of 
drives and valve gears, gears, steering levers, cams and crankshafts, connecting rods, clutch plates, cylinder 
inserts, etc. [2]. During the process, a layer of carbonitrides with a thickness of 10 μm (2 hours of process) to 
50 μm (4 hours of process) is created on the surface which contains about 8% nitrogen, 2% carbon and 1% 
oxygen [3]. Hardness of the layer is 950 - 1000 HV. The layer is very resistant to abrasion and grinding, the 
corrosion resistance is increased [4]. On the surface of the layer there are visible very fine pores at a small 
magnification (25x), the porosity of the layer is documented even at high magnifications (5.000x) [5]. Under 
this layer of nitrides, about 1 mm layer of ferrite with nitrogen is situated [6]. By cooling from the temperature 
of the carbonitriding to the oil a supersaturated solution is formed in this layer, which is spontaneously cured 
by excluding the fine particles of FeN to 300 - 400 HV. This diffusion layer supports load bearing capacity of 
carbonitrides layer and increases fatigue limit up to 100%. The deformation of the carbonitrided components 
is very small in the process, dimensions increase by about 0.01 mm. Carbonitriding is carried out in a gaseous 
atmosphere or using plasma in furnaces. 

An important evaluation parameter of layer is also the texture of its surface, which influences in particular the 
wear parameters and therefore the life of the components. The surfaces of the components must be suitably 
prepared before the carbonitriding process. Standardly prepared surfaces of real components, such as 
gearwheels, after grinding are expressed by the Ra parameter in the range of 0.05 to 0.4 μm, depending on 
the technology of cutting operation. In the paper, 2D and 3D surface texture parameters were evaluated on 
16MnCr5 steel samples. Samples were prepared using MTH Micron 150 metalographic saw and Struers 
Labopol 60 grinder, then were carbonitrided in gas and plasma. Measurement of 2D and 3D parameters was 
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performed using the absolute method on the Talysurf CLI 1000 device and evaluated by the Talymap Platinum 
measuring software. Surface morphology was documented using the Hitachi TableTop 3300 electron 
microscope. The chemical composition of the evaluated steel was analyzed by the Q4 Tasman emission 
spectrometer. 

2. EXPERIMENTAL METHODS 

2.1. Chemical composition of analyzed steel 

The chemical composition of the analyzed steel was performed using a Q4 Tasman spark optical emission 
spectrometer. The results of the chemical composition of the analyzed 16MnCr5 steel and their comparison 
with the standard are given in Table 1. After analyzing of the chemical composition, the samples in shape of 
discs of Ø 50 mm and thickness of 10 mm was cut using the MTH Micron 150 metallographic saw. 

Table 1 Chemical composition of 16MnCr5 steel 

C Mn Si Cr P S Ni Mo V Al Cu 

Q4 Tasman 

0.156 1.083 0.280 1.042 0.011 0.008 0.053 0.011 0.002 0.002 0.131 

DIN Standard 

0.14-
0.19 

1.10-
1.40 

0.17-
0.37 

0.80-
1.10 

max. 
0.035 

max. 
0.035 - - - - - 

2.2. Heat treatment and carbonitriding 

The choice of heat treatment was chosen with respect to the strength characteristics of the components which 
are really used. The steel was quenched with the ensuing tempering on the middle limit of the strength. The 
samples were grinded with using water as a cooling medium on sanding papers of 80 - 600 μm grain size 
according to FEPA after heat treatment. Thus prepared samples were carbonitrided in plasma and in the gas 
with followed oxidation. The basic parameters of heat treatment and carbonitriding are given in Table 2. 

Table 2 Parameters of heat treatment and carbonitriding 

Quenching Tempering 
Carbonitriding 

Plasma Gas 

850 °C/water 600 °C/water 530 °C/4 h 540 °C/6 h 

2.3. Measurement of surface texture and evaluation of surface morphology 

Measurement of the surface texture was performed in the case of 2D and 3D parameters using the absolute 
method on the Talysurf CLI 1000 profilometer. To obtain the representative results of measured roughness 
parameters, the cut-off values were determined in accordance with CSN EN ISO 4288. The basic length of 
the measured profile in the case of 2D parameters was ΛC = 0.8 mm, evaluated length L = 4 mm, cut-off = 
0.08 mm. 3D parameters were evaluated on an area of 2.5 x 2.5 mm, at cut-off = 0.25 mm. Measurement of 
2D and 3D surface texture parameters was evaluated by the Talymap Platinum software. The texture 
characteristics of the sample surfaces before and after carbonitriding are given in Chapter 3 Results and 
discussion. The SE method on the Hitachi Table Top 3300 electron microscope was used to document surface 
morphology. Surface morphology was observed at magnification of 5.000x. 
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3. RESULTS AND DISCUSSION 

2D parameters were evaluated on each sample from 6 measurements and were calculated as the average 
value of all evaluated lengths. The following parameters were selected to compare 2D surface texture of 
samples: 

 Ra: Arithmetic Mean Deviation of the roughness profile, 

 Rq: Root-Mean-Square (RMS) Deviation of the roughness profile, 

 Rz: Maximum Height of roughness profile, 

 Rt: Total Height of roughness profile, 

 RSm: Mean Width of the roughness profile elements. 

Comparison of 2D parameters of grinded samples and carbonitrided samples in plasma and gas is shown in 
Table 3. From the measured results of the 2D parameters it is clear that the surface roughness parameters 
reach the lowest values in the case of carbonitriding in the plasma, even when compared with the grinded 
surfaces of the experimental samples. After carbonitriding in the gas, the 2D roughness parameters 
deteriorated by one order, compared to plasma carbonitriding and grinded surfaces. 

Table 3 Roughness parameters (2D) of experimental samples 

Parameter Grinded surface 
Carbonitrided surface 

Plasma Gas 

Ra 0.0968 ± 0.0017 µm 0.0673 ± 0.00395 µm 0.131 ± 0.0127 µm 

Rq 0.136 ± 0.00196 µm 0.113 ± 0.0059 µm 0.186 ± 0.0213 µm 

Rz 1.38 ± 0.0235 µm 1.42 ± 0.0199 µm 2.28 ± 0.0797 µm 

Rt 1.51 ± 0.0167 µm 1.51 ± 0.0336 µm 3.02 ± 0.466 µm 

RSm 0.0154 ± 0.000602 mm 0.0152 ± 0.000784 mm 0.024 ± 0.00889 mm 

In case of 3D parameters, roughness parameters and waviness parameters were evaluated. The amplitude 
parameters (Sa, Sq, Sz, St) and functional parameters (Sk, Spk, Svk, Sr1, Sr2) were chosen for comparison 
of the evaluated surfaces: 

 Sa: Arithmetic Mean Deviation of the Surface, 

 Sq: Root-Mean-Square (RMS) Deviation of the Surface, 

 Sz: Ten Point Height of the Surface, 

 St: Total Height of the Surface, 

 Sk: Core Roughness Depth, 

 Spk: Reduced Summit Height, 

 Svk: Reduced Valley Depth, 

 Sr1: Upper Bearing Area, 

 Sr2: Lower Bearing Area. 

Comparison of the evaluated 3D parameters of the grinded samples and samples carbonitrided in plasma and 
gas is documented in Table 4. The measured results show that the 3D parameters of roughness and waviness 
have the lowest values in the case of grinded surfaces (but not for all parameters). Lower values of 3D 
parameters of roughness were achieved in plasma carbonitrided samples, while carbonitriding in the gas 
reached lower values of 3D parameters of waviness. 
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Table 4 3D parameters of experimental samples 

Parameter 
Grinded surface 

Carbonitrided surface 

Plasma Gas 

Roughness Waviness Roughness Waviness Roughness Waviness 

Sa 0.0164 µm 0.0603 µm 0.183 µm 0.103 µm 0.21 µm 0.0761 µm 

Sq 0.21 µm 0.0743 µm 0.233 µm 0.142 µm 0.267 µm 0.0994 µm 

Sz 2.85 µm 0.436 µm 2.74 µm 0.86 µm 2.96 µm 0.633 µm 

St 3.54 µm 0.492 µm 3.47 µm 0.924 µm 4.64 µm 0.794 µm 

Sk 0.331 µm 0.0831 µm 0.388 µm 0.102 µm 0.483 µm 0.0721 µm 

Spk 0.142 µm 0.0241 µm 0.111 µm 0.036 µm 0.133 µm 0.03 µm 

Svk 0.126 µm 0.0244 µm 0.212 µm 0.0491 µm 0.162 µm 0.0312 µm 

Sr1 10.7 % 9.73 % 4.4 % 7.97 % 8.42 % 9.14 % 

Sr2 87.8 % 91.2 % 88.4 % 88.8 % 91.3 % 89.7 % 

The 3D graphic representation of the analyzed surfaces (Roughness, Waviness) is for grinded surfaces shown 
in Figure 1. In Figure 2, they are surfaces carbonitrided in plasma, and Figure 3 documents surfaces after 
carbonitriding in gas. 

  
Roughness Waviness 

Figure 1 Analyzed area of grinded surface 

 
 

Roughness Waviness 

Figure 2 Analyzed area of carbonitrided surface - carbonitriding in plasma 
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Roughness Waviness 

Figure 3 Analyzed area of carbonitrided surface - carbonitriding in gas 

The morphology of the surface after carbonitriding application differs from the grinded surface and has a 
significant impact on the life of the components. For this reason, surfaces formed after carbonitriding in plasma 
and gas, were observed. It was expected that, especially after carbonitriding in the gas, a considerable porosity 
of the layer would be observed because the information on the existence of porosity in the diffusion layers is 
widely published in the literature [7, 8]. The morphology of the surfaces of carbonitrided samples in plasma 
and gas and the cross-section of the compound layer are shown in Figure 4 and Figure 5. 

Carbonitriding in plasma Carbonitriding in gas 

Figure 4 Morfology of surface after carbonitriding in plasma and in gas (magnification 5.000x) 

The morphology of surfaces after carbonitriding in plasma and gas differs mainly due to the working 
environment used. After carbonitriding in the plasma, surface with a low occurrence of pores which have a 
small size was achieved. After carbonitriding in the gas, a large number of pores have been shown. The pores 
in the compound layer form cavities, which is evident from the cross-section of the compound layer. The 
cavities may represent stress concentrators in the surface layer. After carbonitriding in the gas, on the surface 
of the steel there are shapes copying the original austenitic grains, which is again visible from the cross-section 
of the compound layer. 
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Carbonitriding in plasma Carbonitriding in gas 

Figure 5 A pore-free compound layer in case of carbonitriding in plasma and porosity of compound layer 
in case of carbonitriding in gas (magnification 5.000x)   

4. CONCLUSION 

In order to modify the final surface of the components without any subsequent grinding, the optimal use of 
such diffusion technologies, which demonstrably do not show an enormous increase in roughness parameters 
and for which the pore incidence rate can be demonstrably eliminated. After carbonitriding in plasma, the 
surface texture parameters were slightly increased. Even in case of 2D parameters, better roughness values 
have been achieved compared with grinded surfaces. Carbonitriding in the gas exhibited the worst values of 
the observed 2D parameters, which varied in one order of comparison with the plasma carbonitriding. 
However, with both technologies, it can be said that the increasing of the surface texture parameters does not 
reach large values and is still in line with the requirements that are required for this type of surface treatment. 
Similar results were achieved even with the 3D parameters being evaluated. After carbonitriding in plasma 
and gas, the assessed 3D parameters of roughness and waviness have deteriorated compared with grinded 
surfaces. Carbonitriding in plasma has achieved better results in case of 3D parameters of roughness, while 
carbonitriding in the gas has better 3D parameters of waviness. Surface morphology clearly demonstrates 
higher occurrence of pores in the compound layer after carbonitriding in the gas. The pores observed in the 
compound layer form cavities that may be stress concentrators, and as a result of their occurrence, premature 
pitting may occur in areas of direct contact of the components. For this reason, after carbonitriding in the gas, 
it is advisable to ensure the surface layer is delaminated and ensure only a pore-free compound layer. After 
carbonitriding in plasma, the relief of surface is more compact than carbonitriding in the gas and less porous. 
In conclusion, with slight changes in surface texture parameters and low occurrence of pores in the compound 
layer, carbonitriding in plasma may be recommended from the point of view of surface morphology as the final 
surface finish of components without the need for grinding. 
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Abstract  

In this study, the cyclic loading of steel samples 41CrAlMo7-10 (1.8509) were made. This steel is suitable for 
plasma nitriding proces. The experiment included 4 different plasma nitriding procedures. The differences were 
applied in plasma nitriding atmosphere and procedure duration. Then follow-up a fatigue test. The fatigue tests 
were carried out in accordance with the CSN 42 0363 Fatigue Testing of Metals, Methodology of Testing in 
the machine R.R.Moore L2568 of Instron Co. Fatigue tests were compiled graphically and numerically using 
Wöhler`s (S-N) curve in a semi-logarithmic form. The testing was stopped after reach the fracture of tested 
sample or after 107 cycles. Area of study was fatigue fracture. Specifically, part of fatigue fracture around 
inclusions and their vicinity. This part is known as fish-eye and has specific shape and morphology in terms of 
surface topography. The surface topography of fatigue cracks were evaluated on Talysurf CCI. Roughness 
parameters were tested in this area at six defined lines from fatigue crack initiation. 

Keywords: Plasma nitriding, inclusion, fish-eye  

1. INTRODUCTION  

Although the fatigue of metals under the cyclic mechanical loads is known since the beginning of the railway 
lines, the reasons for its growth have not yet been sufficiently analysed. Growing demands on the mechanical 
properties of structural materials, downsizing, increasing the speed and forces acting on structure-borne 
components and effects of the environment are the reason why attention is to be paid to the fatigue of materials 
[1]. The subject is not only solution to consequences but actions and processes to investigate causes that lead 
ultimately to failure of key components. Therefore, the consequences are varied.  

It is known that plasma nitriding process provides improved fatigue characteristics [2]. The reasons are both 
in the surface layer hardness and in the nature of the growing stress, which to some extent successfully averts 
propagation of a fatigue crack [3]. Once the stress intensity exceeds some limit value, stress accumulates in 
the vicinity of an inclusion and fatigue crack develops. In terms of crack development, an inclusion has to be 
found at the interface of the diffusion layer and the base material. With steel 41CrAlMo7-10 (1.8509) 
investigated herein, a visually and topographically delimited fish-eye ellipse reaches a width of 300 μm to 600 
μm and a depth of approximately 200 μm to 400 μm [4,5]. Seeing that the depths of the diffusion layers are 
within the range of 250 μm to 350 μm, depending on processing formulas applied, a fish-eye is to be found at 
interface between the diffusion layer and the base material. This has an effect on a dissimilar fatigue crack 
growth due to different physical parameters of the nitride diffusion layer on the one side, and the base material 
on the other [6]. Using Talysurf CCI Lite, first of all assess the surface roughness at defined distance levels 
from the inclusion site, as a rule located in the vicinity of the interface of diffusion layer and the base material. 
The interface is not sharply defined, so the term 'located in the vicinity' for an inclusion is appropriate here. A 
3D model has been set up based on the measured data of the investigated fish-eye area, which was analysed. 

2. DEFINING THE INVESTIGATIONAL MATERIAL 

The material used for the 3-point bending rotation testing was 41CrAlMo7-10 steel (1.8509). Specimens of the 
steel were prepared according to the test specification criteria. Machining was carried out so as to avoid 
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undercuts that would behave as stress concentrators and impair the test. The specimens were divided into 
five sets and heat-treated. The treatment consisted of: normalizing (900°C; 25'; air cooling), tempering (930°C; 
25'; cooling in oil) and tempering (640°C; 40'; cooling in oil) [7].  

Only 4 series were used for the subsequent surface treatment by a plasma nitriding formula. The process was 
carried out on Rübig PN 60/60 at 500°C for all series. The fifth series remained as a reference for determining 
the expected increase in fatigue characteristics [8, 9]. Plasma nitriding procedure and the resultant depth of 
the white and diffusion layer are evident from Table 1. 

Table 1 Plasma nitriding process and results of white and diffusion layer depth 

Series Time [h] Atmosphere (H2:N2) Flow 
rate [l/h] 

White layer 
depth [µm] 

Diffusion layer 
depth [µm] 

PN1 10 8:24 5.2 ± 1 264 

PN2 20 8:24 8.7 ± 1 344 

PN3 10 24:8 1.9 ± 0.5 227 

PN4 20 24:8 1.9 ± 0.3 304 

3. CONDUCTING THE EXPERIMENT 

The fatigue tests of all sample series were conducted on Instron R. R. Moore rotating beam fatigue testing 
system. This was a 3-point rotating bending at constant stress of amplitude σa and constant speed. The test 
procedure was in accordance with CSN 42 0363 [10]. Evaluation of the measured results and the deriving of 
Wöhler's curves (SN-curves) were done in accordance with the CSN 42 0368 [11]. The fractures obtained 
were investigated from the viewpoint of surface topography on Talysurf CCI Lite mutual coherence correlation 
interferometry. Of all fracture parts, attention was focused mainly on the fish-eye, typical of the plasma nitrided 
components under cyclic loading. Arithmetic mean deviation of the roughness profile Ra indicated in µm was 
applied to evaluate the measured values of surface roughness and waviness [12]. The system measuring face 
setting corresponded to the fish-eye area to be measured. The zoom value of the lens used was 20x, whereby 
the real measuring face area was 0.8x0.8 mm, see Figure 1. The above lens can achieve accuracy of about 
0.01 nm when roughness is measured within a range of 2.2 mm in Z-axis [13]. 

 

Figure 1 3-D model with outlined planes to assess the fish-eye topography 

A spatial model, Figure 1, of the fisheye outlined planes where the measurement of roughness parameters 
took place. These planes were divided into two groups of three levels. An inclusion has been chosen there as 
the centre, around which the measurement was conducted. One group was above the inclusion towards the 
diffusion layer, the other group was under inclusion oriented to the base material. The orientation of the 
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measurement planes was parallel to the sample surface. The spacing between the inclusion and the separate 
measurement planes was 50 µm. 

4. DISCUSSING THE RESULTS 

The fatigue test results by means of the 3-point rotating bending were processed and evaluated in accordance 
with the CSN 42 0368 [11]. The values were approximated by the straight-line equation: 
logσ = A + B. logN .           (1) 

The fatigue S-N-curves were determined by subsequent regression analysis according to the equation: 
σ = σ ´(2N )             (2) 

Figure 2 shows the resulting curves in semi logarithmic form σa - log Nf. Table 2 presents the values of the 
ultimate strength with the equations of the inclined parts of S-N curves obtained by linear regression according 
to equation (2) and the reliability value R2 of the series PN1 to PN4. If the samples exceeded 107 cycles and 
fracture did not show up, the experiment was stopped in accordance with the CSN 42 0363 [10]. 

 
Figure 1 SN-curves of the plasma nitrided samples in PN1 to PN4 procedures 

The S-N curves in Figure 2 show that the extended plasma nitridation procedure in both types of atmospheres 
resulted in permanent fatigue strength increases. Although the atmosphere in PN4 series is poorer in nitrogen, 
if compared to PN2 series, which, according to Table 1, results in the thinner diffusion layer on the one side, 
but also in the thinner white layer on the other. The heterogeneous white layer is very hard and thus a likely 
source of a network of cracks [13, 14].  

Table 2 Fatigue test results  

Series Fatigue strength σa [MPa] Regression equation Reliability value 

PN1 655 y = -32.3ln(x) + 1153 R² = 0.954 

PN2 665 y = -50.3ln(x) + 1406 R² = 0.977 

PN3 660 y = -38,2ln(x) + 1229 R² = 0.916 

PN4 670 y = -51.7ln(x) + 1425 R² = 0.993 
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The specimens where fracture happen, had investigated the fracture surfaces at the vicinity of the fatigue crack 
initiation [15]. The graph of Figure 3 shows the mean arithmetic deviations of the roughness profile Ra within 
the fish-eye crack area grown after 1.5 x 106 cycles. 

 
Figure 3 Common dependence of roughness on distance of measurements from inclusions 

It is remarkable in case of base material to investigate the value of roughness. This value being the same for 
selected numbers of cycles 1.5 x 106 to fracture with one exception in case of PN2 series. When we observe 
direction to inclusion the roughness reduces and in its vicinity grows. On the other side of inclusion, in the 
direction to the diffusion layer, the dependence is analogous. From the inclusion to the diffusion layer is evident 
the difference in the overall decrease of roughness. The last measurement level was 150 µm from inclusion. 
In all series was reached comparable or smaller values of roughness with the mirror distance level from 
inclusion. After considering the measured values of roughness in fish-eye area could be obvious. A fatigue 
crack must overcome a barrier around inclusion. This barrier is lower to the diffusion layer and crack grows on 
quite uniformly. The value of cyclic load correlates with the value of the arithmetical mean deviation of 
roughness profile Ra. On the other side, direction to the core of material is a barrier predominantly formed by 
the thinning diffusion layer and gradually increasing proportion of the base material. A fatigue crack propagates 
worse. Roughness increase depending and is probably related with distance between the front of the crack 
and inclusion. 

5. CONSLUSION 

The conducted experiments show that fatigue characteristics of tested materials could rise by checking the 
formation of white layer. Ideally, complete elimination of the formation of the white layer by a proper adjustment 
of the plasma nitriding procedure conditions. To some extent, the optimal composition of the plasma nitriding 
atmosphere will depend on component specific application with the diffusion layer. Accordingly, the answer to 
the question of the process effectiveness is ensuing from a particular application. From this point of view, it is 
necessary to address also other key parameters applied in the process, among other things, process 
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temperature and duration. The final thickness of the diffusion layer varies nonlinearly with increasing or 
decreasing these parameters. 

For details describing the fatigue crack growth, roughness values were evaluated. The measurement was in 
close proximity to the inclusion. Distribution of roughness values around the inclusions apparently explains in 
a way the greater or lesser intensity of fatigue crack growth. This growth has meant in terms of overcoming 
physical barriers. When performing a more detailed analysis of the measured values of roughness. The 
characteristic of fatigue crack growth issue is usually convex shape of fish-eye towards into sample surface. 
The fish-eye area is geometrically characterized by an ellipsis. It’s obvious that the fish-eye is with greater part 
located more in the diffusion layer than in the part which is nitrides poorer, i.e. in the base material. 

There should be needed plentiful energy and time allowances for the process if emphasis is laid just on the 
permanent fatigue strength increase, whereat the way is in the complete elimination of the white layer. An 
appropriate composition of atmosphere will be richer in hydrogen and poorer in nitrogen. 
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Abstract 

Thin film solar technology is used in various devices that convert the sun light into electrical energy. These 
applications have been crucial for human life since they supply us clean and alternative energy sources. For 
this application many components can be used such as Cu2S, CdTe, CIGS, CNTS, and TiO2, etc. TiO2 is one 
of them and preferable for this technology because of its good electrical and physical properties.  

TiO2 based solutions that are completely transparent are coated on Indium Tin Oxide (ITO) coated glass with 
different pH values, by using sol gel dip coating method. This coated glass are annealed with the same 
temperature and the same holding time. Previous research shows that pH factor has significant effect on the 
surface morphology of films. Surface area and surface roughness are pH dependent parameters that are very 
important for light conversion efficiency.   

In this study, the effect of pH on thin film surface morphology is investigated. Five different pH value sols are 
coated on ITO glass. These glasses annealed in the furnace with the same temperatures and the same holding 
times. The results are determined with several methods. Chemical properties are determined by X-ray 
photoelectron scanning (XPS), X ray diffraction scanning (XRD) surface properties and roughness values are 
investigated by atomic force microscopy (AFM), and scanning electron microscopy (SEM)-focused ion beam 
technique (FIB). The XPS and XRD results show that, because of the low working temperatures there is not 
any change in the chemical structure of TiO2. The material that we study is glass. Above 600°C chemical 
structure of the glass can be deteriorated. We carried out our experiments below this temperature. According 
to the results of AFM, pH is an important factor on the film morphology. The results showed that if the pH 
increases, the surface roughness parameter (Ra) also increases. 

Keywords: TiO2, thin film, pH, surface area, surface roughness 

1.  INTRODUCTION 

Increasing human population causes increasing energy demand. Energy sources in our world are becoming 
more and more insufficient. For this reason, alternative resources attract researchers and various devices 
have been developed to take an advantage of our natural power. Photovoltaic and solar cell technology 
provided us obtaining alternative energy from the sun. Solar cell technology is used to convert solar energy 
into electrical energy which can be used to power electrical devices. Solar cells are already used to supplement 
energy and decreased dependence on conventional energy sources. The importance of this technology is 
undeniable [1]. 

There are different solar cells such as single-crystal and polycrystalline silicon solar cells; thin film solar cell; 
III-V Semiconductors and photo electrochemical solar cells, etc. [2]. Thin film solar cell is a second generation 
solar cell, made by depositing one or more thin layers, or thin film of photovoltaic material on a substrate, such 
as glass, plastic or metal [3]. Thin film technology offers us high production capacity with using less material 
and energy input in the fabrication process and integrated module structures by the deposition process [4]. 
The thin film semiconductor materials have also much higher absorption coefficients than silicon, as the direct 
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band gap semiconductors, and therefore typically less than 1 mm thickness semiconductor layer is required, 
which is 100-1000 times less than for Si [5]. 

Titanium dioxide is usually used in two forms; powder and thin film. The use of titania powders caused 
someproblems in the practical use. Especially high concentration powder particles tend to aggregate. The 
immobilization of the TiO2 in the form of a thin film affords an advantage over the drawbacks encountered with 
the powder suspension and endows the surface with photo-induced hydrophilicity [6].In our study, we coat 
TiO2 thin film for a hybrid solar cell by using sol-gel dip-coating. We prepared Ti containing solutions. Indium 
thin oxide glass is coated with that solution. This coated glass equipped as an n-type layer for the purpose of 
a hybrid solar cell. As shown in the Figure 1, our typical hybrid solar cells consist of different layers. TiO2 thin 
film is coated on transparent conductive oxide coated glass with sol-gel dip coating method. 

 
Figure 1 Schematic representation of sol-gel dip coating method 

2. EXPERIMENTAL STUDIES 

2.1. Materials and Methods 

Indium tin oxide (ITO) is a ternary composition of indium, tin and oxygen in varying proportions. Depending on 
the oxygen content, it can either be described as a ceramic or alloy. Indium tin oxide is typically encountered 
as an oxygen saturated composition with a formulation of 74% In, 18% O2, and 8% Sn by weight. Oxygen 
saturated compositions are so typical, that unsaturated compositions are termed oxygen deficient ITO. It is 
transparent and colorless in thin layers, while in bulk form it is yellowish to grey. In the infrared region of the 
spectrum it acts as a metal-like mirror [7]. ITO coated glasses are provided from Sigma Aldrich and Chemical 
precursors of Ti are supplied from Alfa-Aesar. 

2.1.1.  Solution 

Solutions are prepared with Ti containing chemicals, acetyl acetone (chelating agent) and methanol (solvent). 
According to solubility properties of the mixing components, amount of acetyl acetone can be increased with 
little amount. Solution is mixed with the magnetic stirrer between 2 to 24 hours, according to solubility 
properties of the components. At the end of the stirring process, solution must be completely transparent. 
Because of the good solubility properties, titanium methoxide is chosen. Five different solutions were prepared 
with different pH values. The pH of the solution is achieved by adding acetic acid. The pH values of solution 
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vary between 3 and 5. For dense and non-porous film coating, pH value of the solution must be kept in the 
acidic range [9]. After the acid addition process, the solution is stirred for 24 hours.  

2.1.2.  Drying/Firing and etching the coating 

After the solution preparation, the coating step is performed. The coating was carried out by sol gel dip coating 
method. ITO coated glasses with 25*25 mm size are cleaned. The glass was dipped into the solution, then 
pulled into the vertical furnace which is heated at 450 ºC for 15 second. 

Coated films are used in solar cell so that efficiency measurement is carried out for achieving a precise 
measurement. The ITO substrates are etched in the corner with HCl+Zn mixture. By etching the ITO layer on 
the corners of the substrate, indium tin oxide layer on the glass is removed. 

2.1.3. Annealing process 

After forming a solid and homogenous oxide thin film on the surface, samples are put in horizontal tube furnace 
for the final annealing to crystallize the thin film. Since the substrate is glass and annealing temperature is 
chosen not higher than the 500 °C which is the temperature that glass starts to soften or cracks form. The 
temperature profile of the annealing procedure is given in Figure 2. 

 

Figure 2 Temperature profile applied for annealing for crystallization 

All the samples which are coated with different solutions having different pH values are heat treated at 450 ºC 
for 60 mins.  

2.1.4. Characterization methods 

Surface properties and surface roughness of TiO2 thin films were characterized by AFM (PSIA XE-100). 
Chemical properties and crystalline structures are determined by X-ray photoelectron scanning (XPS, Thermo 
K-Alpha), and X-ray diffraction (XRD, PANalyticalXpert Pro MPD) respectively. 

3.  RESULT AND DISCUSSION 

3.1. Characterization of XPS 

XPS scanning is performed to evaluate the surface of the samples for chemical properties and analysis. Some 
pictures belonging to the carbon contaminant come out. These peaks can be distinguished from sharpen C 
peaks in the Figure 4. For removing the C layer on the surface, argon etching is applied. According to the 
scanning data, the Ti-TiO2 bonds were observed significantly. As it is shown in the Figure 3, TiO2 were formed 
noticeably but the crystallization process and transformation of anatase- rutil has not been occurred. The 
crystallization from amorphous to anatase and from anatase to rutile usually occurs in the temperature ranges 
of 450∼550 °C and 600∼700 °C, respectively [10]. The reason for that is, the phase transformation does not 
occur at the operating temperature which is lower than the phase formation temperature. Due to the heating 
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limitation of glass substrate crystallization temperature must be kept under 550 °C. As can be seen in the 
figure, the XPS scanning of the TiO2 thin film, there are only the peaks of titanium and oxygen. Therefore, the 
structure of the film contains only titanium and oxygen atoms. To determine the stoichiometry of the film, the 
data obtained from the XPS results are examined and the areas are divided into appropriate Atomic Sensitivity 
Factor (ASF) values, then the ratio of the O2 to Ti is obtained. 

  

Figure 3 XPS characterization before Ar etching Figure 4 XPS characterization after Ar etching 

Ti = (1618887.29/1.8) = 899391.83         (1) 

O = (1247272.85/0.66) = 1889807.35         (2) 

O/Ti = (1889807.35/899381.83) = 2.101         (3) 

3.2.  XRD Characterization 

For XRD scanning, Al plate was used as substrate material. Before XRD scanning, the Al substrate was coated 
with titanium butoxide solution under the same condition. Since it is not possible to get a XRD peak from thin 
film on glass substrate, TiO2 thin film is coated on Al plate to get the same conditions. Al plates were first 
grinded and polished then coated. Figure 5 shows X-ray diffraction pattern of TiO2 thin films prepared at pH 
values of 4 and 5. The peaks corresponding to the 38°, 45°, 65° and 83° 2Ɵ all belong to Al substrate. The 
peak observed 78°belongs to TiO2. Thus, TiO2 formation is observed successfully. 

 

Figure 5 XRD scanning of TiO2 thin films coated on Al substrate 

3.3. Surface Characterization- AFM 

The pH effects on the surface morphology are determined by AFM characterization. AFM characterization was 
performed to examine the changes in morphology. The images of AFM results show that the surface properties 
and structures of grains vary with different pH values. Previous research shows that the pH change of sol is 
directly affect the grain morphology [12]. Decreasing the pH values caused increase in the surface area. The 
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profilometer images to be obtained from AFM were characterized with the software named Gwyddion-
2.36.win32.pro. This software makes possible to examine the images from different angles. By using 
Gwyddion-2.36.win32.pro, average heights of the grains in the structure of the thin film are calculated 
approximately. After the processing of the scanned images by Gwyddion-2.36.win32.pro., average heights of 
grains are calculated. From these calculations, it is clearly seen that pH change is a key effect on surface 
morphology of tin film. According to the profilometer results, it is the reality that pH is an effective factor on film 
surface roughness; increasing pH leads to increasing in average surface area. Our pH values of sols are all in 
acidic range so the pH values are quite low. Due to the low pH values, the grain structure of thin film surface 
is small and the boundaries can be seen clearly. The difference between each pH value is 0.5 and so 
roughness values of each samples are very close to one another (each other). Low pH values caused smaller 
and specific grain structure. Small and specific grain structure provides the increasing of surface area. Increase 
in the surface roughness yields increase in the surface area (Figure 6). By using this property, an increase of 
the efficiency of thin films used in solar cells could be succeeded. 

Figure 6 AFM images of TiO2 samples with different pH values. (A1, A2, A3, A4 and B1) 

 
Figure 7 Average roughness versus pH 

Table 1 Effect of pH on surface Ra values of samples (Gwyddion-2.36.win32.pro) 

PRECURSOR pH CODE 
Ra (nm) 

(average roughness) 

Titanium Methoxide pH =4.0 A1 1.175 

Titanium Methoxide pH =4.5 A2 1.285 

Titanium Methoxide pH =5.0 A3 1.290 

Titanium Methoxide pH =3.5 A4 0.715 

Titanium Butoxide pH =4.5 B1 1.27 
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Different solutions are prepared by using different precursors for investigation of the precursor effect on film 
roughness parameter. It is clearly seen in Table 1 that, the precursor material also has an effect on film 
morphology. Roughness results are calculated and so the precursor effects can be analyzed. It is possible to 
say that the methoxide on at the same pH increased the roughness of sample surface. It is known from a 
previous research that, each dip gives a thickness of 60-70 nm [13]. 

4. CONCLUSION  

Coating and formation of TiO2 observed successfully on ITO substrates. The thickness of tin films is about 60 
nm for per dipping. The pH effect on film surface is investigated intensively. The results show that increasing 
pH caused increase in roughness values of film surface. Also it is clearly observed that the roughness of 
surface value is a pH dependent factor. On the other hand, used precursor, is also effective on the surface 
properties of thin films. By means of precursor affect, the roughness parameter of titanium methoxide is higher 
than the roughness parameter of titanium butoxide.TiO2 was formed noticeably but the crystallization process 
and transformation of anatase to rutil has not been occurred since the operating temperature is lower than the 
phase formation temperature. 
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Abstract  

The influence of heat treatment on the microstructure, mechanical and sliding wear properties of Hastelloy C-
276 HVOF sprayed coatings was evaluated. The applied furnace heat treatment modified the coatings 
microstructure, leading to precipitation hardening and oxidation of inter-splat boundaries, but had a negative 
effect on the sliding wear resistance. The laser heat treatment eliminated the intersplat boundaries and 
porosity. The obtained dendritic microstructure have lower microhardness compare to as sprayed coating, 
which implies higher toughness possibly being beneficial to avoid the brittle fracture during wear loading.  

Keywords: Hastelloy C-276, HVOF, laser remelting, heat treatment, mechanical properties 

1. INTRODUCTION 

In the most challenging branches of industry, such as power generation or aerospace, the components are 
exposed to the combination of high temperature, aggressive environment and mechanical load. Only materials 
with superior properties, such as highly-alloyed steels or super alloys can be applied in such environments. 
Appropriately to their material composition, the price of components is high. The material costs can be reduced 
by application of surface protective layers, offering the sufficient functional properties while preserving the 
lower-cost components body. Among other surface treatment technologies, the thermal spray technology, 
namely High Velocity Oxy-Fuel (HVOF) spraying, is a suitable for applying hard, wear and oxidation resistant 
coatings onto the surface of less noble steels. The Ni-based superalloys are generally known for their high 
corrosion resistance in various kinds of environment, including the high temperature. As a thermally sprayed 
coating, they are used namely in chemical, aerospace or power industry. There are several Ni-based 
supperalloys, generally based on the Ni-Cr solid solution. In dependence on the type and amount of other 
alloying elements, the high temperature strength, wear or corrosion resistance are varied. In thermal spray 
community, the self-fluxing wear resistant NiCrBSi alloy is well known and wide-spread [1] [2]. The group of 
so-called Inconel alloys includes Ni-Cr based alloys with a variable amount of Fe, Mo, Co and Nb elements, 
responsible for solid solution strengthening or precipitation hardening through intermetallic phases or carbides 
[3] [4]. The Ni-Cr-Mo alloy, known as Hastelloy® C-276 or just C-276 alloy with the addition of Fe and W is 
designed to have superior corrosion resistance in the wide range of environments. The high content of Mo 
(16%) is responsible for high pitting corrosion resistance in reducing environments, while C (16%) makes the 
alloy resistant in oxidizing media. Compare to other Ni-based alloys, the carbon content is kept low to avoid 
the carbide grain boundary precipitation during welding, responsible for lowering the corrosion resistance and 
deterioration of mechanical properties. However, the studies exists [5] describing the second phase particles 
precipitating in Hastelloy -276 alloy as a result of thermal treatment above 650°C, having the form of 
intermetallic phases µ and P (A7B6) M6C carbide, despite low carbon content. Usually, the intermetallic phases 
are considered to play a negative role, being responsible for weld metal hot cracks in Hastelloy C-276 as well 
as for deterioration of its corrosion resistance. To avoid their precipitation, the fast cooling processes, such as 
electron beam or laser beam welding can be applied [6]. Laser surface treatment of bulk Hastelloy C-276 was 
carried out in [7] at different laser process parameters to improve the material wear resistance through refining 
the microstructure without undesirable precipitation. On the other hand, the precipitation was used for 
strengthening of the Ni-based coatings with a composition similar to Hastelloy C-276. In [8] the C-276 coating 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1105 

deposited by magnetron sputtering was analyzed. Compare to the bulk material, the fine-grained coatings 
microstructure was much harder, and the hardness further increased through segregation and precipitation of 
Cr and Mo rich regions during thermal treatment. The thermally sprayed coatings microstructure differs usually 
from the microstructure of bulk material not only due to its lamellar character but also due to the high cooling 
rates during solidification. It can lead to a creation of unstable phases, as well as amorphous or nanocrystalline 
structures. Their application in high temperature environment can lead to microstructural changes, which can 
influence the coatings mechanical behavior. Based on above mentioned studies, the effect of such changes 
can be both - negative or positive. The aim of the study is to evaluate the effect of heat treatment on the HVOF 
sprayed Hastelloy C-276 on coatings mechanical properties and tribological behavior. To cover both 
possibilities, the two types of heat treatment was applied: i) the age hardening at 600°C for 116 h to observe 
the potential precipitation and ii)  laser surface remelting with high cooling rates to suppress the precipitation, 
but eliminate the defects of thermal sprayed coatings microstructure.     

2. EXPERIMENTAL 

2.1. Coatings deposition  

The Hastelloy C-276 coating was sprayed by HP/HVOF TAFA JP5000 spraying equipment in VZU Plzen onto 
grit blasted 11 523 substrate. For spraying, the FST 341.33 powder was used. Its nominal chemical 
composition is: 15.5%Cr; 15.5%Mo; 4%W; 3%Fe; Ni rest. The maximal content of C in Hastelloy C-276 is 
expected not to exceed 0.01%. The grit blasting was realized by Al2O3, F22 (with a grain size 0.8-1 mm). For 
laser treated samples, the dimensions of the substrate (200 x 100 x 10 mm) were chosen to ensure sufficient 
heat dissipation during laser remelting process. The annealing process was carried out in air atmosphere in 
muffle furnace (LM 212), at 600°C for 116 hours. The samples were then cooled in air. The non-coated parts 
of steel samples were protected against oxidation by oxidation protective paint CONDURSAL Z 1100. The 
HPDD 4kW laser Coherent HighLight ISL-4000L; 808 ± 10 nm wavelength was used for laser re-melting. 
Based on the experimental process, two sets of parameters (denominated as LR1 and LR2) were chosen: The 
fluence 8.9 J/mm2 and 17.8 J/mm2, traverse speed 10 mm/s and 5 mm/s, spot size 12 x 1 mm, 2 mm overlap. 
To prevent the high thermal gradient, responsible for cracking of the coating, the pre-heating of the substrate 
to the 350°C was used. After remelting, the samples were cooled in air. 

2.2. Coatings characterization 

The microstructure of as-sprayed and annealed coatings were evaluated by optical microscope on cross 
sections (ground and polished by automatic Leco grinding and polishing equipment) by digital optical 3D 
microscope Hirox KH7700, and SEM Quanta 200 from FEI. The microhardness depth-profiles were evaluated 
by HV0.1 measurement for both as-sprayed and annealed coating. The indents were made in 100 µm distant 
steps, starting 50 µm below the coatings surface. Six indents were made in each depth, the average value is 
reported. The mechanical properties of as-sprayed and furnace-annealed coatings were measured also by 
NanoTest Vantage (Micro Materials) nanohardness tester equipped with Berkovich indenter loaded with loads 
100 mN and 300 mN, respectively with loading and unloading time of 30 s each and 10 s dwell period under 
the load. The measurement was conducted on polished cross-section of the sample under room temperature. 
Values of hardness H and effective Young’s modulus E* were calculated from 15 measurements in line 
approximately in the middle of the sprayed coating. The distance between the measurements was 15 µm to 
ensure that measurements did not affect each other. Coatings’ phase composition was evaluated and 
compared by means of X-ray diffraction (XRD), using the D8 Discover powder diffractometer in Bragg-
Brentano geometry with 1D detector and CoKα radiation (scanned region from 20 to 100 º2θ with 0.03 º2θ 
step size and 96 s counting time per step). The obtained diffraction patterns were subjected to quantitative 
Rietveld analysis [9] performed in TOPAS 4.2 which uses the so-called fundamental parameters approach 
[10]. In this manner, we analyzed (i) feedstock powder, (ii) the surface in the as-sprayed state, (iii) the surface 
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of annealed coating in as-received and ground state in order to identify the formed oxides in surface oxide 
layer together with potential changes of phase composition inside the coatings. The sliding wear resistance 
and coefficient of friction (COF) of as-sprayed coating were evaluated at room and elevated (600°C) 
temperatures, the annealed coating behavior was evaluated at room temperature. The laser remelted coatings 
sliding wear behavior is not reported in this study but will be a subject of the following work. The parameters 
of the Ball-on-Flat test (ASTM G133) were as follows: 25 N Load; steel100Cr6, 6 mm diameter ball counterpart; 
5 Hz oscillating frequency; 10 mm stroke length; 1000 s testing time. For each coating, three different 
measurements were performed. The wear tracks profiles were measured by profilometer KLA-Tencor P-6 
Profiler, at three different places, and the wear volume was calculated. Prior to sliding wear tests, the surface 
of the coating was ground and polished to the 0.04 ± 0.02 Ra value. Both the abrasive and adhesive wear was 
characterized by the coefficient of wear K [mm3/Nm], calculated from the coating volume loss, used load and 
the abrasive or sliding distance. After the tests, the SEM of wear track was observed, to identify the wear 
mechanism. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

There were no cracks in the coating or delamination between coating and substrate observed for as-sprayed 
and furnace-annealed coatings (Figure 1). For both coatings, a certain amount of porosity was recorded, as 
well as decohesion between individual splats. Inside the splats, the very fine dendritic microstructure can be 
seen. The XRD analyses confirm the presence of γ phase (Ni-based solid solution) only in the original powder 
and in the as-sprayed coating. In the furnace-annealed coating, the precipitation of M6C carbide, most probably 
Fe3(Mo,W)3C was recorded in the amount of ca 10% wt. according to Rietveld analyses. As a result of 
oxidation, NiO (2.9% wt.) and Mo3O (1.2% wt.) oxides created on the surface of the furnace-annealed coating 
were observed. After surface grinding the 0.1%wt of Mo3O was still present, confirming oxidation of intersplat 
boundaries. Nevertheless, the newly created phases, M6C carbide and the intersplat oxides, was not found 
during SEM cross sections analyses due to the low content of both.   

 
Figure 1 Microstructure of HVOF as-sprayed C-276 coating (a) and furnace annealed coating (b) 

The laser remelting procedure led to significant modification of coatings microstructure (Figure 2). Due to the 
shrinkage of the coating during fast solidification, the cracks appeared for both used laser treatment 
parameters, despite the application of substrate preheating. 
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Figure 2 Microstructure of laser remelted coatings by lower (a,b,c) and higher (d,e,f) laser energy  
specific density 

The problem of cracking during laser treatment of preplaced coatings or laser cladding of Ni-based alloys is 
more complex, including not only the materials thermal properties but also the presence of elements, 
increasing the material sensitive hot cracking susceptibility [11]. Based on the applied fluence, the depth of 
re-melting differs [12]. The splats, typical for as-sprayed coatings were replaced by dendritic microstructure, 
significantly coarser then the fine dendrites inside the splats. In the LR1 coating, the original as-sprayed 
microstructure was preserved near the coating-substrate boundaries (Figure 2b). In LR2 coating, full coating 
thickness was remelted, together with a thin layer of substrate material. The beneficial metallurgical bonding 
between coating and substrate was confirmed by EDX analyses, showing increased amount of Fe in the 
coating near the coating-substrate boundary. Even though the microstructure of laser remelted coatings is 
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much more homogenous than as-sprayed, still it contains some imperfections. In the LR1 coating, some of the 
original porosity still remains, changing its morphology to clusters (Figure 2c). The LR2 coating contains 
significantly less porosity and other inhomogeneity. The less frequent, but larger pore clusters had the 
tendency to flow up toward the surface. Inside them, the empty space was replaced by oxides (Figure 2f).      

3.2. Mechanical properties  

The microhardness depth profiles can be seen in the graphs in the Figure 3a. Obviously, the furnace annealed 
coatings microhardness increased compare to as-sprayed coating. It could be an effect of precipitation 
hardening as well as the presence of oxides on the intersplat boundaries, both of which can contribute to the 
hardening of the Ni-based solid solution. The change of mechanical properties was further confirmed by 
nanohardness evaluation. The hardness increased from 5.4±0.2 GPa to 6.0±0.5 GPa and from 3.0±0.6 GPa 
to 5.6±0.4 GPa for 100 mN and 300 mN respectively. The effective Young’s modulus E* increased from 
155±6 GPa to 176±8 GPa and remained almost the same 160±4 GPa vs 165±4 for 100 mN and 300 mN resp. 
The higher increase of hardness recorded for higher load implies, that the presence of oxides at the intersplat 
boundaries plays the more dominant role compared to precipitation hardnening of in-splat Co-based solid 
solution. On the other hand, the increase of E* at lower loads showed on some change of in-splat resistance 
to plastic deformation. In [13], the increase of HV0.1 of Co-Mo-Cr alloy in the vicinity of 600°C heat treatment 
is also reported, accompanied by the increase of Young’s modulus. On the contrary, the microhardness of 
laser remelted coating decreased significantly, no matter the applied laser energy specific density. The 
microhardness of the substrate was also influenced by heat treatment, more intensively for furnace long-term 
annealing.  

 

Figure 3 Microhardness depth profile (a) and Coatings Wear coefficient and Coefficient of Friction (b) 

3.3. Sliding wear behavior 

The sliding wear behavior of as-sprayed coating at room and elevated temperature and the furnace-annealed 
coating at room temperature are summarized in the Figure 3b. It can be seen, that the wear rate of furnace-
annealed coating decreased in spite of the increase of microhardness. The SEM analyses of wear mechanism 
show the presence of brittle cracking in the wear track of furnace-annealed coating, confirming the assumption 
of negative influence of precipitation in Hastelloy C-276 coating. On the other hand, the wear rate, as well as 
the coefficient of friction measured at elevated temperature, is significantly lower. In the wear track, the oxide 
layer as a result of tribooxidation was identified. Usually, the high temperature sliding tests result in higher 
wear rates due to the softening of the material and making it more prone to plastic deformation [13]. In the 
case of Hastelloy coating, the less plastic deformation is present after high temperature sliding wear test, 
compare to room temperature. The possibility of the positive role of oxide tribofilm comes to one’s mind, but 
need to be further confirmed.  
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4. CONCLUSION 

In the paper, the influence of thermal post treatment on the microstructure and mechanical properties are 
briefly described. It was showed, that heat exposition of the HVOF sprayed Hastelloy coating can modify the 
microstructure, leading to precipitation hardening and oxidation of intersplat boundaries. Despite 
microhardness increase, the microstructural changes had a negative effect on the sliding wear resistance, 
probably due to the increased brittleness. The laser treatment proved the potential to eliminate the negative 
intersplat boundaries and porosity, but the coarsening of the dendritic microstructure cased decrease of 
hardness for both evaluated laser treated coatings. The influence of such treatment on the sliding wear 
resistance will be further analyzed.  
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Abstract 

In this article, the reactions and optimal parameters were investigated for molybdenum layers produced on 
aluminum substrate using single beam ytterbium fiber laser. To produce these layers the molybdenum powder 
(25-45 µm in size) was placed on the aluminum sheet substrate and successfully treated - along the entire 
length with 16 different irradiation modes. The microstructure of the prepared samples of welded joints was 
observed by using a light microscope (LM) and a scanning electron microscope (SEM). Reactions between 
molybdenum powder and aluminum substrate were examined by energy dispersive X-ray analysis (EDX). The 
evaluation of optimal parameters was determined from appearances of welded joints, namely their heights and 
depths. 

Keywords: Molybdenum, aluminum, SLM, ytterbium fiber laser 

1. INTRODUCTION 

Selective laser melting (SLM) is a progressive and an advanced method which belongs to additive 
manufacturing technologies. This method allows producing objects from (i) metal powder with complex 
geometry and (ii) from new design perspectives in terms of materials, shapes and mechanisms. This 
technology is suitable for all stages of the product development - from design concept to low volume 
production. Many metallic materials have been fabricated by SLM, like for example stainless steel, copper, 
titanium and aluminum based alloys. Mechanical properties of produced objects are comparable to those of 
bulk materials. In the SLM process powders are deposited on the substrate before they are selectively melted 
in the line-by-line or layer-by-layer manufacturing modes. Melted powders are supposed to form a continuous 
track under the irradiation of a moving laser spot according to the computer aided design (CAD). The most 
common defects encountered using SLM technology are pore defects, cracks and balling “phenomenon”. The 
balling phenomenon is known as a broken molten track at a certain point. As mentioned above, the tracks 
formation during SLM and the occurrence of the defects and the balling phenomenon is strongly defected by 
many processing parameters and material-based input parameters, e.g.: used powders, laser power, scanning 
speed, scan line spacing and working atmosphere [1 - 3]. This is especially relevant for materials aimed for 
high-temperature applications, such molybdenum (Mo), tungsten (W) etc., since they have high melting 
temperature, high heat conductivity and susceptibility to cracking due to accumulation of residual stresses. 
High melting point leads to the fact that the molten drops may freeze on the cold substrate plate before they 
can spread completely, especially if substrate is composed of easily melted metals, e.g. aluminum (Al) [4 - 5]. 
Thus, it is highly important to get extensive knowledge about the nature of track formation behavior for 
refractory metals. The aim of this article is to study the production of Mo layers on Al substrate via SLM process 
and to evaluate the optimal process parameters. A special attention was drawn to the study of microstructural 
and chemical features of the produced layers, and the presence of the defects. 
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2. EXPERIMENTAL MATERIALS AND METHODS 

2.1. Experimental materials 

Molybdenum powder (GTV, Germany) was supplied in agglomerated and sintered state. The chemical 
composition of this powder was 99.0 wt. % Mo and 0.1 wt. % O. The particle size was within the range  
25 - 45 µm. The typical morphology of this powder is shown in Figure 1, where it can be seen that powder has 
a spherical shape and is formed from smaller particles. 

As a substrate material, 99.999 % pure aluminum sheet was used in this study.  

  

Figure 1 (a) Morphology of Mo powder, (b) detail of Mo powder, (SEM-SE) 

2.2. SLM processing and microstructural analysis 

The selective laser melting experiments were carried out using SLM machine SLM 280 HL (SLM Solutions, 
Germany), which utilizes YLR-Faser-Laser with a spot size of 82 µm as a source of radiation. To study the 
effect of SLM processing parameters, in these experiments the power and the scanning speed of laser were 
varied. A series of laser melted tracks were produced changing these parameters. During SLM processing, 
the layer of Mo powder was put on the surface of reducing plate and laser irradiated using different power 
ranged from 100 W up to maximum power of 400 W with a step size about 50 W. The maximum laser scanning 
speed was 15 m / s and minimum layer thickness was 20 µm. The scanning speed was ranged from 
500 mm / s up to 1000 mm / s with a step size of 100 mm / s. The distance between each track was about 
1 mm. In total, 34 tracks were done by SLM. As a source of protective gas, a mixture of Argon and Nitrogen 
was used with maximum flow of 2.5 l / min.  

A precision geometry platform was designed for the clamping of the reducing plates (see Figure 2). This 
platform is made of Aluminum alloy EN AW 2007 and its main advantage is a cutting of inline plates for easier 
preparation of metallographic samples. This reducing plate is consolidated to this platform by three screws.  

 

Figure 2 A precious geometry platform with reducing plates and welded joints (the letters show the 
sections AB and CD reducing plates used for microstructural analysis) 
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Prepared samples were cut on cut-off machine Secotom 50 (Struers, Denmark). Metallographic samples were 
prepared on the sample cross-sections by wet grinding and polishing with diamond suspensions (Struers, 
Denmark) using an automatic preparation system Tegramin 30. Final polishing was realized by OP-Chem 
Suspension (Struers, Denmark). Each sample was etched using the Fuss etchant for visualization of the 
microstructure. Metallographic samples were analyzed using a light microscope DSX510 (OLYMPUS, Japan) 
and scanning electron microscope LYRA 3 (Tescan, Czech Republic) equipped with the energy dispersive X-
ray analysis (EDX) module (BRUKER, USA) for the chemical microanalysis. 

3. RESULTS AND DISCUSSION 

3.1. Metallographic analysis 

The appearance of laser tracks is shown in Figure 3. Two areas (“AB” and “CD”) of weld deposits were cut off 
from the reducing plate and prepared for metallographic analysis (previously shown in Figure 2). The quality 
of tracks was visually analyzed, and the majority of these laser tracks were inhomogeneous with irregularity, 
drops and distortion. Some tracks showed the balling phenomenon, which was observed for the minimum 
laser power within the range 150 - 200 W, and for the highest scan speeds. The tracks with smooth surface 
and continuous weld were considered as optimal. 

 
Figure 3 The appearance of laser tracks in the areas (a) AB and (b) CD 

Microstructure of each welded joint was evaluated and documented. Some pore defects were observed. The 
quality of welded joints was assessed by the measurement of their depths and heights. Examples of the welded 
joints are shown in Figure 4, whereas the welded joint I was done by LP = 400 W, SS = 800 mm / s, welded 
joint II was obtained by LP = 400 W, SS = 700 mm / s and welded joint III was created by LP = 400 W, 
SS = 500 mm / s. The closer detail of the area in welded joint (Figure 4(d)) shows probably small molybdenum 
particles or some phases inside aluminum matrix, which can be Al12Mo and Al5Mo compounds. As can be 
seen in Figure 4(e) and (f), there are two illustrations of balling phenomenon, which occurred in this 
experiment and is mentioned above. In this case, molybdenum powder did not react with aluminum substrate 
and coagulate into a “ball”. In this figure, molybdenum is bright and below it is the aluminum substrate with 
a slightly darker color.  

As the best process parameters, the following parameters were evaluated: (i) LP = 350 W, SS = 900 mm / s; 
(ii) LP = 400 W, SS = 800 mm / s and (iii) LP = 300 W, SS = 700 mm / s. 
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Figure 4 Microstructure of: (a) welded joint I (SEM-BSE), (b) welded joint II (SEM-SE), (c) welded joint III 
(SEM-BSE), (d) detail of welded joint III (SEM-BSE), (e) balling phenomenon, area AB (SEM-BSE) and 

(f) balling phenomenon, area CD (SEM-SE) 

3.2. Chemical analysis and elemental mapping of the welded joints 

Chemical micro-analyses of welded joints were done by mapping and point analyses. These data from point 
analyses are given in Table 1 and mapping data are given in Table 2. Documentation of one set of point 
analyses is shown in Figure 5. From these results is obvious that the area of welded joints is formed mainly 
by aluminum matrix and molybdenum particles. This statement is also confirmed by the EDX mapping analyses 
(see Figure 6 and Figure 7), where elemental molybdenum is marked with green color and aluminum is 
marked with red color. Any specific reactions 
are not observed from these analyses. As can 
be seen in Figure 7, local reaction of Mo and Al 
occurred in some areas where a successful 
melting of Mo and Al were done.  

The chemical composition of welded joints in 
area “AB” is approximately 98.8 at. % Al and 
1.2 at. % Mo. The chemical composition of 
welded joints in area “CD” is about 96.1 at. % Al 
and 3.9 at. % Mo. According to Mo-Al phase 
diagram [7], phases Al12Mo and Al5Mo could 
form in welded joints. 

 
Figure 5 Schematic illustration of EDX ponit analysis 
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Table 1 Summary of EDX point analysis of welded joint - (from SE image in Figure 5) 

Element (at.%) Al Mo 

1 99.6 0.4 

2 99.3 0.7 

3 99.9 0.1 

4 13.9 86.1 

5 16.5 83.5 

6 1.7 98.3 

7 19.8 80.2 

Table 2 Chemical composition of welded joints - (EDX elemental mapping analyses presented in Figure 6) 

Section AB CD 

Element (at.%) Al Mo Al Mo 

1 98.6 1.4 95.0 5.0 

2 99.5 0.5 94.6 5.4 

3 98.4 1.6 98.8 1.2 

Avarage 98.8 1.2 96.1 3.9 
 

 
 

Figure 6 Two sets of mapping analyses (a) area of mapping I, (b) result from area I, (c) area of mapping II 
and (d) result from area II 
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Figure 7 Mapping analysis of successfully melted area 

4. CONCLUSIONS 

In this article, analysis of the formation of single tracks produced by SLM using molybdenum powder and 
aluminum substrate was conducted under the different power and scanning speed of laser. Optimal process 
parameters were elaborated. Microstructural examination showed that most of produced laser tracks were 
inhomogeneous. The major instabilities appear at high scanning speed in the form of distortions, irregularities 
and balling effects. This balling effect was observed for the minimum laser power (150 - 200 W) and for the 
highest scanning speed. Good process parameters were evaluated as: (i) LP = 350 W, SS = 900 mm / s; (ii) 
LP = 400 W, SS = 800 mm / s and (iii) LP = 300 W, SS = 700 mm / s. 

The majority of welded lines were formed by aluminum matrix (at least 96.1 at. %) and molybdenum particles, 
while the chemical reactions between Al and Mo occurred only in local areas. The phases formed by these 
reactions are probably Al12Mo and Al5Mo. Further phase determination requires additional analysis (X-ray, 
EBSD). Moreover, experiments with different powder layer thickness, physical properties and 
granulomorphometry of the used powder should be done.  
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Abstract 

Atmospheric plasma spraying utilizing initial powder materials in micrometric size has been successfully used 
for various applications in different fields of the industry over the past several decades. Nowadays, the new 
trend in plasma spraying is to use sub-micron or nano-sized powder feedstocks in the form of colloidal 
suspension. This relatively new technology enables to obtain specific types of dense vertically cracked, fully 
dense or columnar microstructure. The aim of this work is to investigate the influence of coatings microstructure 
and topography on its water wetting properties. Two different microstructures, i.e. lamellar and columnar, were 
sprayed from chemically the same yttria-stabillized zirconia (YSZ) ceramics powders by the means of 
conventional atmospheric plasma spray and suspension hybrid water stabilized plasma spray techniques, 
respectively. Microstructural and phase composition of the initial powders and as-sprayed coatings were 
investigated using optical microscopy, scanning electron microscopy and X-ray diffraction techniques. 
Topography of coatings surface was measured by means of non-contact optical profilometry. The YSZ 
coatings wettability was evaluated based on water droplet contact angle using Sessile droplet method. The 
coatings microstructure reveals the important role in the change of droplet contact angle, where lamellar 
microstructure was found close to hydrophilic-hydrophobic transition and columnar microstructure was found 
superhydrophobic.  

Keywords: Plasma spraying, yttria stabilized zirconia, water, Sessile drop method, contact angle 

1. INTRODUCTION  

Wettability of materials and coatings can be characterized by the value of contact angle or water contact angle 
(WCA) in the case of wetting by water. Surfaces are divided in two main categories: hydrophilic (WCA is less 
than 90˚) and hydrophobic (WCA is higher than 90˚) [1]. These types of coatings are widely used in daily life 
(e.g. antisticking and water-repellent coatings) and in industry (e.g. drag reduction and corrosion resistant 
coatings) [2]. Wetting behavior mostly depends on the surface chemistry and surface topography of material 
[3-5]. It was found out, that hierarchically (also known as dual scale) structured surface (Figure 1) can enhance 
hydrophobicity and water mobility of a surface up to superhydrophobic state (WCA is higher than 150˚) [6-8]. 
However, ability to be applied in the industry is a big problem of the newest hydrophobic and/or hydrophilic 
surface treatments and coatings production technologies because of disadvantages like: limitation in 
dimensions of treated details and parts due to the preparation in vacuum/inert gas chamber, impossibility of 
treating non-flat surfaces, etc. Plasma spraying, from this point, is a more suitable technology. Plasma spraying 
(atmospheric plasma spraying, suspension plasma spraying, etc.) is used in production as a way to develop 
different types of coatings (e.g. porous, wear resistant, corrosion resistant, thermal/environmental barrier) from 
metallic, ceramic, organic powders or their mixture with micron-, submicron- and nano-sized particles [9-11]. 
Plasma spraying of suspensions is relatively new technology which has high potential in production of 
hierarchically structured surfaces [2]. In this contribution, the main aim is to investigate wettability of yttria-
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stabillized zirconia (YSZ) plasma sprayed coatings with two different microstructures. Atmospheric plasma 
spraying (APS) and hybrid water-stabilized suspension plasma spraying (WSP-H) were utilized to obtain 
conventional lamellar (APS YSZ) and columnar (WSP-H YSZ) types of coatings microstructure, respectively. 

 

Figure 1 Wetting behavior of different surfaces: flat, single-scale rough and hierarchical rough 

2. MATERIAL AND METHODS 

APS MF-P-1000 (GTV) unit with a F4MB-XL plasma gun (Oerlikon Metco) spraying device was used to 
develop the coatings from YSZ powder (YSZ 92/8, GTV 40.23.1, GTV Gmbh). Hybrid water-stabilized plasma 
torch WSP-H 500 (ProjectSoft HK a.s., Czech Republic) was used to spray YSZ ethanol-based suspension 
with 25 wt.% of suspended solid particles. Parameters of plasma spraying process, feedstock parameters and 
substrate preparation for atmospheric plasma spraying were provided by powder supplier, and for hybrid water 
stabilized suspension plasma spraying were the same as in the work of Musalek et al. [12]. Steel coupons 
(diameter 25.4 mm, height 5 mm) were used as a substrate material. Substrates were grit blasted by corundum 
particles to activate the surface and assure the surface roughness prior to spraying with the aim of increasing 
the mechanical connection between the substrate and coating.  

Light microscope Olympus DSX 510 together with Imaging Analysis Software and SEM Carl Zeiss EVO MA 
15 were utilized to estimate plasma sprayed coatings microstructure, porosity and coatings thickness. 
Conventional metallography methods were used to prepare cross-sectional view of experimental specimens. 
Empyrean diffractometer from PANalytical was used to provide phase composition of the sprayed coatings by 
XRD analysis. Surface micrographs were taken by the scanning electron microscope (PHILIPS XL-30). 
Surface topography characteristics were obtained by MicroProf-100 optical profilometry machine (Fries 
Research and Technology GmbH) and Gwydion data processing (5x5 mm). Wetting behavior was defined by 
goniometer sessile droplet method experiment on Surface Energy Evaluation System (See System E, Advex 
Instruments) with image analysis software (See System for Surface Energy Measurement, Advex 
Instruments). Wettability evaluations were done on as-sprayed coatings. Prior to the evaluation, experimental 
samples were cleaned by compressed air and in ultrasonic bath. Water contact angle of dried samples was 
evaluated between the solid surface and constant amount of liquid (10 µl) which was deposited on the surface 
by micropipette. 

3. RESULTS AND DISCUSSIONS 

3.1. Microstructure and phase composition of the coatings 

Microscopy investigation proved that deposited yttria-stabilized zirconia samples had different microstructure 
(Figure 2). Sample with columnar microstructure had almost 10 times more porosity in percentage, compared 
to the lamellar one (Table 1).  
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Figure 2 Cross-sectional microstructure of (a) WSP-H YSZ (SEM) and (b) APS YSZ (LM) samples 

Table 1 Plasma sprayed coatings investigation result of XRD phase analysis  
             and results of thickness and porosity evaluation 

Top coat Phases Thickness [µm] Porosity [%] 

APS YSZ tetragonal  235.0 ± 6.4 2.8 

WSP-H YSZ tetragonal 293.0 ± 33.0 25.0 

Using liquid suspension feedstock with submicron-sized particles provided opportunity to spray columns with 
submicron-peaks (Figures 2, 3). Formation of columnar type microstructure was also observed e.g. by 
Sokolowski et. al. [13]. Authors studied several plasma sprayed coatings with different microstructure type and 
concluded, that the feedstock plays crucial role in formation of columnar microstructure: the particles size 
should be fine enough (e.g. submicron- or nano-sized) and suspension should have relatively low 
concentration of solid particles. According to the models [13, 14], small unmolten particles fly on the periphery 
of the plasma jet, when the coarser particles are deposited directly into the plasma jet flow. The small particles 
have less velocity and less kinetic energy. So at the moment of impacting the substrate surface or the previous 
plasma sprayed layer of the coating, particles do not splash as in the case of lamellar type of microstructure, 
they stick on the side of the massive columns previously formed from coarser particles. Within the spraying 
process, column grows with the nano- or submicron particles. In the end, these features influence the 
wettability of the material. Suspension WSP-H YSZ sprayed coating’s surface (Figure 3) showed mutual 
structured surface as on natural superhydrophobic lotus leaf [7-8]. XRD analysis provided the information that 
both of as-sprayed YSZ coatings had the same phase composition (Table 1), what leads us to connect the 
topography and wettability directly in the case of plasma sprayed coatings. 

3.2. Surface topography 

Arithmetic roughness (Ra), root mean square roughness (Sq), Skewness (Sk), Kurtosis (Ku) and surface 
roughness (Rs) were measured on both deposited YSZ plasma sprayed coatings. Experimental samples 
topography measurements showed completely different surface parameters (Table 2). The surface of these 
two different materials structures is determined by the size of the utilized particles, distribution of peaks and 
valleys and their dimensions (Figure 3). These results may be explained by the presence of the columns of 
WSP-H YSZ coating. These “central” columns consist of smaller and finer columns, made from finer particles 
of the suspension feedstock. All of these features influenced results of surface topography investigations.  



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1119 

 

Figure 3 Top view SEM micrographs of (a) WSP-H YSZ coating, (b) detail of WSP-H YSZ coating, (c) APS 
YSZ coating, (d) detail of APS YSZ coating 

The values of arithmetic roughness, root mean square roughness and surface roughness of WSP-H YSZ 
coating are much higher in comparison to APS YSZ. Surface roughness has direct influence on the wetting 
behavior of materials according to Wenzel and Cassie-Baxter models of wetting [4-5]. The Skewness shows 
that topography profile has sharp-cut peaks (if Sk > 0) or deep valleys (if Sk < 0), in the case of less obvious 
surface profile the Skewness is roughly equal to 0. The Kurtosis shows how narrow or wide are the valleys 
and peaks of the measured profile. If the Kurtosis is higher than 3, it means that surface profile has elongated 
(narrow) peaks or valleys, in other case (Ku < 3) the valleys or peaks are wider. As it was expected, Skewness 
showed that columnar microstructure coating had predominant number of valleys than peaks, while the surface 
of lamellar microstructure coating was more balanced by the quantity of peaks and valleys. Also, Kurtosis 
showed that the peaks on the surface of WSP-H YSZ coating are wider than of APS YSZ coating. 

Table 2 Topography parameters investigations of YSZ plasma sprayed coatings with two different  
                 microstructures: Ra - arithmetic roughness; Sq - root mean square roughness; Sk - Skewness;  
                 Ku - Kurtosis; Rs - surface roughness 

Coating Ra [µm] Sq [µm] Sk Ku Rs [µm] 

APS YSZ 8.8 11.1 0.005 0.141 1.289 

WSP-H YSZ 45.5 54.5 -0.421 -0.598 2.372 
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3.3. Water contact angle measurements 

WCA measurements of yttria-stabilized zirconia material, which was obtained in two different types of 
microstructure, showed a high dependence on the type of the coating microstructure surface topography. XRD 
analysis confirmed that the phase compositions of both coatings were the same, therefore the difference in 
water contact angle must be connected only with coatings surface topography. 

Comparison of water contact angle measurement results showed that YSZ plasma sprayed coating with 
columnar microstructure had a high water repellence with contact angle of 156±3° (superhydrophobic) and 
YSZ plasma sprayed coating with lamellar microstructure was hydrophilic with contact angle of 64±3°. As it 
was previously mentioned, the minimum value of water contact angle for material to be called 
“superhydrphobic” is 150°. The water droplet behavior and its shape are presented in Figure 4.  

  

Figure 4 Water droplet behavior on the surface of columnar and lamellar types of YSZ plasma sprayed 
coatings microstructure 

Surface topography evaluation showed that the columnar microstructure coating is more “rough” than the 
lamellar one. According to Wenzel and Cassie-Baxter wetting models, surface roughness has enhancing effect 
on the wetting behavior [4-5]. Superhydrophobicity of YSZ columnar microstructure coatings depends on the 
spraying parameters and feedstock features. In water stabilized suspension plasma spraying, liquid feedstock 
contains solid particles with the nano- and submicron size. It is clearly visible on the top view SEM micrographs 
(Figure 3) that the WSP-H YSZ coating has much finer morphology in comparison to the solid feedstock 
atmospheric plasma sprayed lamellar coating. The surface morphology of WSP-H YSZ coating consists of 
columns patterns with the layer of submicron particles on a top of the columns. Submicron particles from the 
feedstock form the top layer of the coating and increase the total surface area. This surface can be considered 
as a structured surface with hierarchical roughness (submicron- and micron-sized peaks). It was found that 
the top features on the surface can play critical role in wettability [2]: in between of these submicron particles 
(or submicron-sized peaks) there are small air pockets which do not let the liquid droplet come into the close 
contact with the solid surface. This explains the superhydrophobic behavior of water on columnar 
microstructure plasma sprayed coating.  

4. CONCLUSIONS 

Wettability investigation of plasma sprayed coatings with two different types of microstructure, namely 
conventional lamellar and columnar microstructures, showed direct influence of type of microstructure and 
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surface topography on its wetting properties. YSZ coating with conventional lamellar structure showed 
hydrophilic behavior, while YSZ coating with columnar microstructure showed superhydrophobic behavior. 
Submicron-sized liquid feedstock contributes to the enhancement of water repellence of plasma sprayed 
coatings. Development of hierarchically structured surface of the coatings with superhydrophobic effect is 
possible by using of plasma spray technologies without any other additional surface treatments. 
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Abstract 

The results of the hydrogen concentration measurements in selected products, made of steel grade 41Cr4, 
are presented in the following paper. The reason for this project was the failure of the tower structure and the 
suspicion of brittle fracture caused by hydrogen in one of the hot-dip galvanized products made of steel grade 
41Cr4, found in the wreckage of the tower. Due to the fact that the opinion was formulated on the basis of the 
results of the hydrogen content measurements in broken products, (20 ppm) it was decided to examine this 
problem more closely. The hot-dip galvanized and electroplated metal elements were subjected to a hydrogen 
content test. Two types of samples: with and without zinc coating were prepared for analysis. The analysis 
was performed using an elemental analyser, the LECO ONH836. Diversification of hydrogen content on the 
sample cross-section was revealed after the profile of its contents was known. It has been found that a high 
hydrogen content was observed only and exclusively inside the zinc coating. This means that the presence of 
the Zn coating in the sample affects the accuracy of the measurement of the hydrogen content and can lead 
to erroneous conclusions about the hydrogen embrittlement or hydrogen charging of steel. The results of the 
hydrogen concentration in each case should be considered carefully as the total concentration of the hydrogen 
content is measured, and not only the hydrogen diffusion responsible for the occurrence of hydrogen 
embrittlement. 

Keywords: 41Cr4 steel, measurement of hydrogen content, hot-dip galvanizing, electroplating    

1. INTRODUCTION  
The development of technology causes growth in the demand for materials with specific utility functions. 
Produced goods have to meet growing safety and functionality requirements, and at the same time reduce 
production and utilization costs. 

The higher the tensile strength or hardness of the fastener, the greater the risk of hydrogen embrittlement. 
High strength steels which have a tensile strength (Rm> 1000 MPa) and hardness above 39 HRC (380HV) [1] 
or 34 HRC (340HV) acc. to [2] are the most susceptible to the effects of hydrogen embrittlement.   

Proper surface preparation of metal elements made of high strength steel before HDG is a difficult and 
complicated process. There are a lot of standards presented in the requirements and recommendations for 
HDG of high strength steel galvanizing. According to EN 10684, parts heat treated or work hardened to a 
hardness of ≥ 320 HV must be cleaned using an inhibited acid, alkaline or mechanical process [3]. Guidelines 
is given by German standad „Richtlinie für die Herstellung feuerverszinkter Schrauben" [4] indicate the 
inhibited acid concentration in the range from 8 to 15%. The pickling time should be no longer than 30 minutes 
for fasteners in class 8.8 and 15 min. for class 10.9. Recommended pickling parameters are extremely 
important to meet. 

During the pickling of steel in HCl, hydrogen „in statu nascendi“ is released. It is moved into the steel and is 
absorbed on the surface of the cleaned metal element. Hydrogen absorbed on the surface is partially 
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evaporated during the galvanizing process (at 460 oC). A part of hydrogen is trapped in the Zn coating and it 
is released later, within a few days after galvanizing [5,6]. 

The hydrogen concentration in metals and alloys has an unfavorable impact on their physical, mechanical and 
electrochemical properties. Reduction of yield strength and brittle fracture are caused by the hydrogen content 
even at the level of a few ppm. Non-metallic inclusions, grain strongly defected or high hardness phase initiate 
crack. The changes in the microstructure of the steel in the form of cracks, as well as delamination and blisters 
with hydrogen or methane, which can cause the total destruction of the structure already below the yield 
strength, even the static load of the structure [1,5-9]. It was stated that the higher hydrogen concentration in 
steel, the more intense its destruction is. Hydrogen in metallic material, especially in deformed material, may 
be present not only in the form of atoms located in interstitial gaps of crystal structure, but it also may be 
connected with varied forms of structural defects [5-9].  

The measurement of hydrogen content in steel is difficult due to very low levels of diffusible hydrogen present 
in steel and the possibility of contamination from external sources in the analysis. It should be noted that during 
the test the sample is melted [7,9,10]. Measuring the total hydrogen concentration in steel to prove the 
presence of hydrogen embrittlement is inadequate. The major portion of the hydrogen atoms is trapped at 
dislocations, at the matrix/fiber interface (eg. carbides, nitrides, non-metallic inclusions) and on grain 
boundaries and does not necessarily partake in the embrittlement of the steel [10]. An extremely important 
procedure before the measurement of hydrogen content is thoroughly remove the zinc coating. Zinc coating 
on steel and hydrogen interactions is presented in Figure 1. It is shown that the hydrogen which interacted 
with the zinc remained in the intermetallic layer between the zinc and the steel. The hydrogen in the Zn coating 
is stored in the different forms. Some hydrogen is absorbed into the metallic layer as H+ or trapped in metallic 
particles as H2. To determine the diffusible or the total amount of hydrogen in steel, the zinc coating must be 
carefully removed because the contaminants that interact with zinc can have a negative influence on actual 
hydrogen concentration [9,11].  

 
Figure 1 The content of hydrogen in the zinc coating and steel - the interaction [9] 

This means that the presence of the Zn coating in the sample affects the accuracy of the measurement of the 
hydrogen content and can lead to erroneous conclusions about the hydrogen embrittlement of steel. The above 
is proven at work [11]. The hydrogen concentration in a 41Cr4 steel sample taken from a U-bolt product with 
Zn coating was at several tens of ppm while the hydrogen content in the steel did not exceed 1 ppm (Figure 2).  

Moreover, it has been proven that the use of shot blasting before HDG and elimination of pickling in HCl does 
not provide the results of hydrogen concentration at the level of 1-2 ppm if sample with Zn coating is analysed 
[11].  
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Figure 2 The hydrogen concentration results for samples taken with Zn coating (31 ppm) and without 

coating (0.37 ppm) [11] 

The aim of this study was the evaluation of the hydrogen concentration in hot-dip galvanized and electroplated 
elements made of steel grade 41Cr4. 

2. THE HYDROGEN CONCENTRATION TEST 

2.1. The objects of analysis     

The analysis was focused on elements made of grade 41Cr4 steel (0.38-0.45 %C, ≤ 0.30 %Si,  
0.60-0.90 %Mn, ≤ 0.035 %P, ≤ 0.035 %S, 0.0-1.2 %Cr, ≤ 0.3 %Ni, ≤ 0.25 %Cu, ≤ 0.1 %Mo, ≤ 0.05 %V wg EN 
10083-3: 2006). A fastener (hot line socket clevis) and eye bolts protected by HDG and a bolt Tr30x3 after 
electroplating and passivation of Cr3+ were selected for the analysis. The objects of analysis were shown in 
Figure 3.        

In order to assess the impact of the intensive removal process of the Zn coating on hydrogen content, eye 
bolts were subjected to regalvanizng. Different times of keeping the eye bolts in the HCl solution were used:  
1 h and 42 hrs. The characteristics of the test objects are shown in Table 1. 

Table 1 Division of material for hydrogen content testing 

Method of 
galvanizing  

Description / Sample 
designation Technological operations  

HDG  
acc. to 

EN ISO 1461:2009 

Fastener Ł 
- Cast steel shot, GL40, t = 20 min.  
- HCl (12 %) + inhibitor, 10 min.  
- HDG in temp. 457 oC and centrifurging  

Eye  
bolt 

S1 

- Cast steel shot, GL40, 20 min.  
- HCl (14 %) + inhibitor, 10 min.  
- HDG temp. 457 oC and centrifurging 
- removing Zn coating in HCl (9.7 %) + inhibitor, 1 h 
- HDG in temp. 457 oC and centrifurging 

S42 

- Cast steel shot, GL40, 20 min.  
- HCl (14 %) + inhibitor, 10 min.  
- HDG temp. 457 oC and centrifurging 
- removing Zn coating in HCl (9.7 %) + inhibitor, 42 hrs. 
- HDG in temp. 457 oC and centrifurging 

Electroplating  
acc. to  

EN ISO 4042:2001 

Bolt 
 Tr30x3 

T 

- alkaline degreasing, temp. 65oC,  
- 10 % HCl + inhibitor,  
- galvanization in low acid chloride Zn (zinc chloride, potassium 
chloride) boric acid baths, 27 oC, pH 5.2,  
-  passivation of Cr3+ 

0,37 ppm 

31 ppm 

Steel 41Cr4 

Zn coating 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1125 

 

 
Figure 3 The objects of analysis: a) fastener Ł, b) eye bolts SX, c) bolt Tr30x3; Ł1, Ł2, Ł3, SX-1, SX-2, SX-3,  
T-1, T-2 sampling points for the hydrogen content test, X = 1 or 42 - time of removal of Zn coating from eye 

bolts in HCl 

2.2. Material for the research and methodology 

Samples weighing approximately 1 gram were taken for the hydrogen content test. Two types of samples: 
samples without Zn coating (Figure 4a) and samples with Zn coating (Figure 4b) were prepared for analysis.  

A profile of hydrogen concentration was made on a cross-section of the selected samples, from surface to 
interior. Samples designed for this purpose were cut at different distances from the item surface, in accordance 
with the diagram presented in Figure 4c.  

 

Figure 4 Test samples: a) with Zn coating, b) without Zn coating, c) indication of points for measuring the 
hydrogen content on a cross-section of the sample (1 - steel sample with Zn coating, 2,3,4 - steel samples 

without Zn coating  

The tested material was intensively cooled with water during cutting in order to minimize the escape of 
hydrogen from the material. After cutting, the samples were subjected to cleaning in an ultrasonic washer with 
acetone twice for 3 minutes, each time, the acetone was replaced with a fresh batch.  

Then, a determination of the hydrogen content of the samples prepared in this way were done by a LECO 
ONH836 elemental analyser. The measurement of the hydrogen content in the samples was preceded by a 
blank test (the analysis of the helium and the crucible). Before, during and after measuring the hydrogen 
content in the samples, the hydrogen content in the test samples was compared to the hydrogen content in 
the control samples. Each measurement was performed three times, and then an average value was 
calculated with a standard deviation of the obtained results.  

a b 

c 

a b c
S
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An elemental analyser LECO ONH836 can be used to analyse oxygen, nitrogen and hydrogen in a wide range 
of concentrations from 0.1 ppm upwards. During analysis of the concentration of oxygen, nitrogen and 
hydrogen, the sample of a nominal weight of approximately 1 g is placed in a graphite crucible, where it is 
melted, which results in the release of gases contained therein. Oxygen immediately reacts with graphite in 
the crucible to form CO and CO2; nitrogen and hydrogen are released in particle form. After that, these gases 
are transported in a flow of helium of a minimum purity of 99.999% in the direction of the catalyst, where 
oxidation of CO into CO2 and H2 into H2O occur. Hydrogen is measured as H2O on the IR detector. Oxygen 
content measurement is performed separately on the CO detector and twice on the CO2 detector (before and 
after passing through the catalyst), which ensurs the accuracy of measurement. After removing H2O and CO2 
from the analytical gases, their loss is automatically compensated for, followed by measurement of nitrogen 
content on the TCD thermo-conductive detector.  

3. RESULTS OF THE RESEARCH   

The results of the hydrogen content in samples with and without Zn coating are presented in Table 2. The 
hydrogen concentration profile in the fastener and the Tr30x3 bolt from its surface to its interior are presented 
in Table 3.   

Table 2 Concentration of hydrogen in the tested samples with and without Zn coating, [ppm]   

Description Sample designation 
Hydrogen concentration, ppm 

Samle with Zn coating Sample without Zn coaing 

FASTENER 

Ł-1 0.80 ± 0.47  

Ł-2 0.35 ± 0.18 7.95 ± 0.53 

Ł-3 1.28 ± 0.23  

EYE BOLTS 

S1-1 0.49 ± 0.25 8.15 ± 1.32 

S1-2 0.18 ± 0.17  

S1-3 0.57 ± 0.28  

S42-1 0.29 ± 0.10 3.95 ± 0.25 

S42-2 0.63 ± 0.04  

S42-3 0.64 ± 0.09  

BOLT Tr30x3 
T-1 2.49 ± 0.36 23.11 ± 0.94 
T-2 2.19 ± 0.23  

Table 3 Hydrogen concentration profile in fastener (Ł-2) and bolt Tr30x3 (T-2) from its surface to its interior (1 
- steel sample with Zn coating, 2,3,4 - steel sample without Zn coating), [ppm] 

Description Sample 
designation 

Hydrogen concentration, [ppm] 
Fastener  

Ł-2 
(after HDG) 

Bolt Tr30x3 
T-2 

(after Electroplating) 
Steel sample with Zn coating 1 3.92 ± 1.04 20.37 ± 1.47 

Steel sample without Zn coating  

2 0.89 ± 0.52 2.62 ± 0.61 

3 0.66 ± 0.29 2.27 ± 0.22 

4 0.71 ± 0.25 2.11 ± 0.24 
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4. RESULTS DISCUSSION  

The standard hydrogen content in steel grade 41Cr4 is 1-2 ppm. On the basis of the results and with regard 
to [11] it can be concluded that hydrogen content is strictly dependent on the specific sampling point. Samples 
containing Zn coating have a higher hydrogen content than steel samples without Zn coating both in the case 
of HDG and electroplating.   

In spite of intensive chemical treatments such as 41Cr4 steel (eye bolts, S1 and S42), the excess hydrogen 
content in steel (above 1ppm) was not measured. High hydrogen concentrations were determined only in 
samples covered in Zn coating. Moreover, eye bolts, which were kept longer in the acid bath, 42 hours have 
about 52% less hydrogen than those pickled for less than 1 hour (Table 2).  

For samples taken from the bolt Tr30x3, the hydrogen concentration was 23 ppm for the samples taken with 
the Zn coating. For samples without Zn coating, 2 ppm hydrogen was measured.  

Diversification of hydrogen content on the sample cross-section was revealed after the profile of its contents 
was known, for both fastener Ł after HDG and bolt Tr30x3 after electroplating. The highest amount of hydrogen 
was determined for sample 1 (Figure 4c) taken with Zn coating. For sample Ł-2-1, it was 4 ppm, for sample 
T-2-1, it was 20 ppm. The hydrogen content in samples without Zn cut from a steel core did not exceed 1 ppm 
for the fastener and 2 ppm for the bolt Tr30x3.    

Compared to the results obtained for hot galvanized and electroplated samples, higher hydrogen 
concentrations were measured for samples with electroplated Zn coating. Taking into account previous test 
results [11], it was found that the measured hydrogen concentration for the Tr30x3 bolt was comparable to the 
results for U-Bolts UK-1 and UD-1 (Figure 5). In both cases, the results may have been affected by 
passivation. It was found [11] that the Zn coating on UK-1, UD-2 products was coated with white rust. In 
contrast, in the present case, the passivity of Cr3+ was undoubtedly influenced by the T-1 sample. 

 
Figure 5 Hydrogen content in samples covered hot-dip galvanized  

and electroplated coatings, ppm [11] 

The measurement of hydrogen content in steel is difficult due to very low levels of diffusible hydrogen present 
in steel and the possibility of contamination from external sources in the analysis. It should be noted that during 
the test the sample is melted. All hydrogen, even that which has been trapped, is released in this way. 
Therefore, the results of the hydrogen concentration in each case should be considered carefully as the total 
concentration of the hydrogen content is measured, and not only the hydrogen diffusion. 
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5. CONCLUSIONS  
Based on the presented test results and conducted analysis, the following conclusions can be drawn:  

1) The presence of the Zn coating in the sample affects the accuracy of the measurement of the hydrogen 
content and can lead to erroneous conclusions about the hydrogen embrittlement or hydrogen charging 
of steel.  

2) Hydrogen marked in products with Zn coating on the level of several ppm will have no impact on the 
deterioration of steel mechanical properties and hydrogen embrittlement. 

3) No higher hydrogen content in zinc coating of samples subjected to intensive chemical treatment was 
reported as compared to samples whose time of contact with etching acid was longer. The level of 
hydrogen in steel did not exceed 1 ppm in each case.    
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Abstract 

The results of the corrosion resistance of hot-dip galvanized coatings obtained on bolts made of steel grade 
23MnB4 have been presented in the paper. The bolts were subjected to various treatments (heat, mechanical 
and chemical) before application of the zinc coating. Comparative evaluation of corrosion resistance 
of galvanized bolts was performed by accelerated corrosion tests in salt chamber and using electrochemical 
methods. The bolts were exposed to an atmosphere of neutral salt spray according to standard ISO 9227:2012 
and the following methods: linear polarization and potentiodynamic cyclic voltammetry according to PN-EN 
ISO 10271:2012. In order to correlate corrosive environment of the tests, the 5% neutral salt solution was used 
at temperature 35°C. Results of the study were related to the results obtained for the bolts without zinc coating.  

It was found that the tested zinc coatings on the bolts are leaky and have relatively short-term corrosion 
protection. The surface preparation of bolts before hot-dip galvanizing and the centrifugation of excess zinc 
after process affected the results of corrosion tests. Therefore, in order to improve the quality of the anti-
corrosion coatings on the bolts the further research is recommended in the field of the surface preparation 
before hot-dip galvanizing. 

Keywords: Hot-dip zinc galvanizing, corrosion resistance, accelerated corrosion test, salt chamber,  
                   electrochemical research  

1. INTRODUCTION 

The reliability of today construction and materials is related to their resistance to the behavior of the aggressive 
corrosive environment. For protection purpose safeguards are applied on the surface of steel in the form of 
metallic coatings. During operation of the coatings they are subject to wear which is accompanied by corrosion 
processes of both the coating and the base material. Metallic protective coatings are one of the better methods 
of corrosion protection, for example protection of steel by zinc galvanized coating takes both barrier and 
electrochemical protection mechanism. Electrochemical protection is typical for protecting metals with 
electrochemical potential lower than potential of base material in the presence of electrolyte [1]. 

Hot-dip galvanizing, next to the electrochemical and spraying methods, is one of the most popular methods of 
steel coating. The process can be carried out under conditions of low temperature (455-480ºC) and high 
temperature (530-560ºC) [2]. The surface preparation before galvanizing determines the quality of the zinc 
coatings used in different methods of surface preparation: mechanical (stream abrasive) and chemical 
(degreasing, etching, fluxing). In addition to the quality of the zinc coating influence of both the material and 
the technological process was analyzed. The durability of the coating determines the corrosion rate of the zinc 
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film during use in a corrosion environment. Hot-dip galvanized surfaces form of three layers of iron alloy with 
zinc composition changing with the distance from the surface of the ground surface. Well prepared coatings 
are characterized by very good adhesion to the substrate and a high tightness. [2-4]. 

The protective effect of the zinc coating is cathodic protection of substrate. The term of protection depends on 
the type of coating and its thickness. In the first stage, steel is protected as a result of zinc digestion. The zinc 
coating is oxidized producing sealing passive film consisting of oxides and zinc hydroxides, which as a result 
of aging, change the structure and produce a white corrosion film. At the time when the whole zinc produced 
white corrosion red corrosion of steel starts to appear [3]. 

The results of corrosion studies of hot dip galvanized coatings on M12x40 bolts of 23MnB4 grade were 
presented. The objective of the study was to evaluate the influence of the surface preparation of the bolts 
before applying of the zinc coating on the corrosion resistance of the coating produced. 

2. TESTED MATERIAL 

The object of the research was hexagon bolts M12x40 class 8.8 made of steel grade 23MnB4 containing the 
addition of boron. The chemical composition of the tested steel included : 0.24% C, 0.9% Mn, 0.3% Si, 0.26% 
Cu, 0.41% Cr, 0.025% S, 0.0052% P. Figure 1 shows the bolts tested before and after zinc galvanizing. 

a)  b)   

Figure 1 Tested bolts a) before, b) after hot-dip galvanizing process 

Before hot-dip galvanizing material has been divided into two main groups: S - bolts in the state of 
delivery, Z - bolts after annealing. Anneling of bolts was carried out in the steel container filled with pure 
quartz sand that is placed in the oven at 1050ºC for 25 minutes. Then the bolts S were subjected to the 
two types of processing before HDG: a multi-stage treatment (shot blasting with steel shot GL40, etching 
in the 14.8% HCl solution, t = 10 minutes, rinsing and fluxing in TIBFLUX60) and chemical treatment 
(eatching in 14.8% HCl solution, t = 30 min., rinsing and fluxing in TIBFLUX60). Such prepared research 
material was divided as follows: S1 (bolts in the delivery state, the treatment of multi-stage: mechanical 
and chemical before HDG), S2 (bolts in delivery state, chemical treatment before HDG), Z1 (bolts after 
annealing, multi-stage treatment: mechanical and chemical before hot HDG) and Z2 (bolts after 
annealing, chemical treatment before HDG). In the further process, zinc method entraining at 457ºC and 
time 1.5 min molten zinc bath spiked nickel, bismuth and aluminum was executed. All bolts were galvanized 
in one production batch. After the HDG centrifugation of excess zinc was performed. Galvanized bilts were 
quenched in water. This material was studied for corrosion resistance in salt spray chamber and accelerated 
electrochemical tests. To correlate the corrosion results with zinc coating parameters, the bolts were subject 
to metallographic assesment (Figure 2) and hardness measurement by Vickers method in accordance with 
PN-EN ISO 6507-4:2007 [5]. The measurements in ten points were made for samples in the delivery state (S) 
and annealed (Z). The average values with the standard deviation were calculated. The results present as 
follows: S1 315.8±2.0 HV10, S2 322.6±2.8 HV10, Z1 137.6±4.5 HV10 and Z2 140.0±2.5 HV10.  
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During the microscopic observation the thickness of galvanized zinc measurement at several measuring points 
has been calculated. Mean values and standard deviations are as follows: S1 69.7±21.2 μm, S2 49.8±16.1 
μm, Z1 83.4±24.0 µm, Z2 66.8±12.5 μm. 

a)  b)   

c)  d)  

Figure 2 The structure of the zinc coating at bolts: a) state S1, b) state Z1, c) state S2, d) state Z2; 
magnification 100x 

3. INVESTIGATION METHOD AND ANALYSIS RESULTS 

3.1. Resistance to neutral salt spry test - NSS Test 

Salt spray test consists of subjecting research facilities in continuous operation salt spray produced by spraying 
brine solution in standardized conditions. The brine of concentration 50 g/l NaCl and pH 6.9 was sprayed at a 
temperature 35°C and at a pressure 1 bar. Before carrying out the test the corrosiveness of the chamber on 
the basis of the loss of mass of steel reference plates (after 48 h of the test average weight loss of the plates 
is 70 ± 20 g/m2) was checked and amounted to 75 g/m2. The determination of the level of corrosive of the 
chamber is designed to check the correct operation of the chamber and the reproducibility and repeatability of 
test results. In addition pluviometric constant was fixed at 1.4 ml/h (the collection of salt spray for a minimum 
16 h test should be in the range of 1.5 ± 0.5 ml/h). Tested bolts were suspended on flax rope and have been 
tested in salt chamber for 120 hours. In order to documant the corrosion process the bolts were photographed 
every 24 h. The interpretation of the results was visual appearance of white zinc corrosion or red metal 
corrosion. The time of first points of corrosion had been measured. The results of corrosive have been 
presented in Table 1. 
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Table 1 The results of corrosive test in salt chamber 

Time of test 
[h] Bolt S1 Bolt S2 Bolt Z1 Bolt Z2 

0 

    
96 

 
white zinc corrosion 

 
points of red corrosion 

 
white zinc corrosion 

 
white zinc corrosion 

120 

points of red corrosion 
 

red corrosion 
 

points of red corrosion 
 

points of red 
corrosion 

3.2. Electrochemical corrosion test 

The electrochemical research of corrosion resistance was based on potentiostatic and potentiodynamic 
method in corrosive 5% NaCl solution oxygenated as a result of free contact with air at 35ºC. The research 
was done by use of PGSTST302N potentiostat, no AUT83628 produced by ECO CHEMIE B.V. company. The 
instrument cooperates with program recording progress of study. The samples were conditioned in the 
examined solution for 1 hour. The research was carried out in relation to the reference electrode. It was calomel 
electrode of + 244 mV potential compared to NEW in T = 25ºC. The study was conducted by use of linear 
polarization method with potential ranging from -0.1 V to 0.1 V, with 1 mA current, scanning rate 0.001 V/s and 
cyclic voltammetric method in the range from -1.0 V to 1.6 V potential, scanning rate 0.1 V/s. 

The results of research were calculated in Nova 1.7 software. The following parameters, as average of three 
measurements, were established: open circuit potential OCP, corrosion potential ECor, corrosion current 
density jCor, corrosion rate Vp and polarization resistance RP. All parameters for galvanized bolts were 
calculated by comparing to zinc, for which the electrochemical eguivalent was 21.98 g/mol, density 7.13 g/cm3 
and tested area of surface was calculated individually for each sample. However, in case of screws without 
coating for the above parameters the electrochemical equivalent of 27.92 g/mol and a density of 7, 86 g/cm3 

were used. Table 2 presents the measurement results of corrosion resistance in 5% NaCl solution both for 
galvanized and without zinc coated bolts. The examples of linear polarization curves in 5 % NaCl solution for 
all types of bolts are shown in Figure 3.  

Table 2 The measurement results of corrosion resistance of zinc coating in 5% NaCl solution 

Determined 
parameters 

Bolt before 
processing 

Bolt after shot 
blasting Bolt S1 Bolt S2 Bolt Z1 Bolt Z2 

OCP [V] -0.40 -0.53 -0.97 -0.47 -0.99 -0.43 

Ecor [mV] -401 -507 -976 -474 -1008 -436 

jcor [µA/cm2] 21.32 102.21 0.30 0.06 0.07 0.05 

Vp [mm/rok] 0.25 1.19 15.77 0.57 0.53 0.47 

Rp [Ω/cm2] 3244 1332 120 1358 1225 1360 
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Figure 3 Examples of the polarization curves of bolts before processing, after shot blasting,  
S1, S2, Z1, Z2 in 5% NaCl solution 

4. SUMMARY AND CONCLUSIONS 

The hardness of the steel bolts was 320 HV10 and after annealing decreased to 138 HV10. The average 
thickness of zinc coatings ranged from 50 to 84 μm. The zinc coatings formed on the surface of bolts after 
annealing (Z) were higher then in galvanized screws in delivery state (S). In each case (Z and S) the coatings 
created on the surface after multi-stage treatment (shot blasting and etching) have higher thickness compared 
to coatings on surface after chemical treatment. Chemical composition of the steel used affects both the 
structure of zinc coatinga and hot-dip galwanizing as well as creation of the protective layer. In the structure 
of the coating (Figure 2), the extended alloy layer, discontinuities, damages on the border of coating-metal 
appear. The negative influence of the above mentioned defects on corrosion resistance is observed. The 
centrifugation of excess zinc process is an additional factor affecting protective properties. 

The value of the corrosion potential ECor of bolts without coating are in the range from -401 mV to -507 mV 
while for screws with zinc coating, depending on the preparing process of the surface before dip-hot 
galvanizing, range from -436 mV to -1008 mV (Table 2). The smallest value of the corrosion potential 
characterized by bolts after multi-stage treatment has been recorded at screws marked as S1 and Z1. This 
testifies to good tightness of zinc coating and protection ability known as cathode protection. In case of the 
layer which protects steel as a result of zinc digestion in the corrosive environment, another useful parameter 
is layer thickness (the thicker coating the longer time of cathodic protection). Presented considerations 
correlate with the measurement results of the zinc coating thickness that are largest on bolts S1 and 
Z1.Considering all the parameters of the corrosive studies for bolts S1 and Z1 (Table 2) and the coating 
thickness created on its screw, it can be concluded that the bolts with zinc coating Z1, after mechanical and 
chemical treatment process, have the best properties for barrier and electrochemical protection. The best 
corrosion resistance of screws S1 and Z1 is confirmed by the results in the salt chamber, for example after 96 
hours. Therefore, surface preparation determines the resistance to aggressive corrosive environment that is 
extremely important for structure connected elements. 
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It is a different situation when it comes to bolts S2 and Z2 after chemical treatment before creating of zinc 
coating. The value of the corrosion potential ECor range from -474 mV to -436 mV (Table 2). High value of the 
corrosion potential indicates a leak in zinc coating. The observation confirms the potential results of tests on 
uncoated screws that have value from -401 mV to -507 mV. It indicates that screws S2 and Z2 are inappropriate 
for cathodic and barrier protection. Another disqualifying parameter of these coatings are low thickness of the 
zinc layer. Summarizing, all parameters (corrosion results, low zinc thickness) concerning bolts S2 and Z2 do 
not meet expectations as regards protection properties of steel. The conclusion correspond to corrosion results 
obtained in salt chamber. Bolts S2 and Z2 had red point corrosion after 96 hours /120 hours. 

To sum up it may be concluded that: 

1) The thickest and the most leaky zinc coating have the bolts after multi-stage treatment before creating 
HDG zinc coating. 

2) The best barrier and cathodic protection shows the zinc coating created on bolts surface after annealing 
and multi-stage treatment (mechanical and chemical). 
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Abstract 

Silica aerogels, as well as those consisting of other metal oxides (alumina, zirconia, titania or mixture of these 
oxides), are extremely porous (up to 99%) high-tech materials with very high specific surface areas  
(1000 m2 g-1) and low thermal conductivity (below 0.02 W / mK). The typical aerogel production process 
includes several steps and starts with the preparation of a sol. The next step includes a casting of the sol  
to obtain the required gel form via sol - gel transition and its drying in a supercritical drying chamber  
at supercritical conditions of CO2 to obtain the desired product. Hence, it is of critical importance to determine 
how processing parameters (type of solvent, catalyst, surfactant, a medium of drying, temperature, pressure, 
the presence of rheological agents (RA)) influence the microstructure, morphology, transparency and other 
properties of the obtained aerogels. 

In this work, we studied the effect on three synthesized systems: SiO2-Triton, SiO2-PVP and SiO2-F127 using 
TMOS, MeOH-NH4OH-H2O at constant molar ratios of reactants 1:7:0.7:2.7, respectively. Chemical, structural 
and morphological results were performed by using FTIR and SEM techniques. SEM imaging analysis 
demonstrated a change in agglomerate size distribution (5-10 nm) depending on the system. Furthermore, the 
increase in the amount of F217 agent increased both the density, measured by sample dimensions, of 
produced SiO2-F127 aerogels from 0.09 to 0.2 g·cm-3 along with the pore size. 

Keywords: Aerogel, supercritical drying, surfactant, porosity 

1. INTRODUCTION 

Silica aerogels are materials that have high specific surface area, high porosity (up to 99%), small pore size 
(50 nm), low thermal conductivity (0.02 W / mK), and low refraction index [1]. Because of these unique 
properties, aerogels have been extensively studied not only for use as thermal insulators, but also as inter-
metal dielectric materials, applications in optical and acoustic fields, and in the space industry [2, 3]. Additional 
applications of aerogels are found in battery electrodes, catalysts and electronic devices. As for thermal 
insulation application, generally monolithic SiO2 aerogels provide a very low thermal conductivity due to its 
extremely high porosity and its three-dimensional interconnected microstructure. The thermal conductivity of 
aerogels is smaller than that of commonly used thermal insulator such as polystyrene foam, perlite, cork, 
metallic foams etc [4].  

Silica aerogels are typically prepared by supercritical drying (SCD) of sol-gel derived wet gels to remove 
solvent while keeping the pore structure in the final product material [5]. Materials obtained by this methodology 
present good properties, nevertheless, the need to develop new methodological approaches allowing to obtain 
aerogels with improved characteristics, such as lower thermal conductivity, lower density, and higher 
transparency, is of current importance. In this context, it is of great interest to determine how processing 
parameters influence the microstructure, textural properties, thermal conductivity and other properties of the 
obtained aerogels. 

Recent observations suggest that the textural properties (surface area, pore size, and pore volume) of silica 
porous materials can be improved by the addition of organic polymers that modifies the behavior of the colloidal 
particles and, therefore, leads to a change in physical properties [6, 7, 8]. In the present work, we studied the 
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effect of three different organic water-soluble surfactants, such as Pluronic F127, Polyvinylpyrrolidone, and 
Triton X100, on the microstructure, pore morphology, chemical composition and density of the obtained 
surfactant templated SiO2 aerogels. 

2. EXPERIMENTAL DETAILS 

2.1. Preparation of silica aerogels 

The preparation of silica aerogels using the sol-gel process has been performed in accordance with the 
procedures previously described in the literature [3]. The chemicals used were tetramethyl orthosilicate 
(TMOS) Si-(OCH3O)4 (Sigma-Aldrich) as Si precursor, anhydrous 99.8% methanol (MeOH) CH3OH (Sigma-
Aldrich) as solvent, 30% ammonium hydroxide (NH4OH) (Sigma-Aldrich) as catalyst, and distilled water, while 
polyvinylpyrrolidone (PVP), Triton-X100 (Sigma-Aldrich) and Pluronic F127 (Sigma-Aldrich) were utilized as 
modification agents.  

The silica-surfactant composite aerogels were synthesized through hydrolysis and condensation of TMOS in 
the presence of the desired methanolic-surfactant solution of different concentrations. During a typical 
synthesis, TMOS was initially mixed with half of the amount of MeOH and stirred for 10 min; then this solution 
was mixed with a second solution containing the additional solvent and the required amount of template and 
stirred for 1h. Finally, an aqueous basic solution (NH4OH / H2O) was added to the resultant solution with 
continuous stirring for 15 minutes in order to obtain a homogeneous system. Then the resultant sols were 
transferred into a cylindrical beaker until gelation occurs. The silica-templated aerogels were aged in methanol 
for 36 h. All the gels were prepared with the molar ratio of TMOS:MeOH:H2O:NH4OH = 1:7:0.01:4, so the only 
variable was the type of the surfactants and the concentration of F127 in the ratio TMOS/F127 in the range of 
0.0125 - 2. The samples obtained using such surfactants were named as S-F127, S-PVP, S-Triton, 
respectively, while that synthesized without surfactant was called A-SiO2. 

To finalize the preparation of aerogels, the solvent was removed by supercritical drying into an autoclave using 
CO2 as a supercritical fluid. Two samples at the same time were placed into the main chamber, then filled with 
fresh methanol to avoid evaporation and cracking, and finally, the system was filled with liquid CO2 up to a 
pressure of 5.1 MPa. Consequently, the system was heated up to 40 °C and a pressure of 8.2 MPa to ensure 
being above the critical temperature and the pressure of CO2. The autoclave was maintained under these 
conditions for 1 h and then slowly depressurized up to the ambient pressure. 

2.2. Microstructural and chemical characterization 

The apparent density of the modified samples with F127 was calculated as a simple mass-to-volume ratio of 
the obtained sample. The chemical bonding of the pure surfactants and the composite aerogels were 
determined using Fourier Transform Infrared Spectroscopy (FTIR), (Spectrum 65 FTIR spectrometer, Perkin 
Elmer). To perform this analysis, silica aerogel was initially pulverized into a refined powder, mixed with 
Potassium Bromide (KBr), and pressed to form a sample pellet for FTIR measurements. Microstructure 
examinations of aerogel samples were carried out by scanning electron microscopy (SEM, High vacuum SEM 
JSM-7800F, JEOL). The agglomerate size distribution (ASD) was calculated by imaging analysis, measuring 
400 agglomerates for each of the synthesized aerogels. 

3. RESULTS AND DISCUSSION 

To investigate the effect of the surfactant on the textural properties of the silica aerogels, different experiments 
were carried out in both absence and presence of the various surfactants Pluronic F127, Polyvinylpyrrolidone 
(PVP) and Triton X100. Visual observation of the obtained aerogel samples revealed that the pure A-SiO2 
sample was transparent and slightly cracked, S-F127 and S-Triton samples were almost similar with slightly 
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opaque appearance, while S-PVP sample was of deep white color. Figure 1 shows the surface morphology 
of the TMOS-based silica aerogels, where the different porous microstructure of the silica aerogels could be 
clearly visible. Figure 1(a) indicates that the A-SiO2 aerogel has a three-dimensional structure made of dense 
and agglomerated sphere-like nanoparticles (d = 3 - 5 nm), producing agglomerates of around of 100 nm. An 
obvious increase in the macropore region can be noted in the aerogel S-PVP Figure 1(b) from few nanometers 
to around 1 µm, which can be due to the presence of PVP that separates the molecular species and retards 
the process of cross-linkage of siloxane chains [9]. This results in the increase of pore size are due to less 
contact between the neighboring particles. As a number of surfactant increases, the connectivity between the 
particles decreases with the decrease of their number. 

 
Figure 1 SEM surface morphology of modified nanoporous silica aerogels: (a) A-SiO2, (b) S-PVP, (c) S-

Triton, and (d) S-F127 

Although to a lesser degree, the same effect can be observed in the sample containing Triton as a surfactant 
(Figure 1(c)), where the interconnected particles seemed to be less compacted, leading the formation of 
smaller agglomerates. In the case of the system S-F127, see Figure 1(d), the result is rather adverse, since 
the surfactant promotes the junctions between the particles, closing their porosity and leading to the apparent 
increase in particle size. The effect in the agglomerate size distribution is shown in Figure 2. Such modification 
of the ASD is due to a change in the surface energy promoted for the surfactant over the SiO2 particles, this 
effect is more visible in the S-F127 sample due to the molecules of F127 are increasing the surface tension 
and making the SiO2 particles unstable and charged with higher energy compared to pure SiO2 aerogel and 
because of this, the colloidal system tends to decrease such energy by joining one other to increase the surface 
area and to have the least possible energy. 
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Figure 2 Agglomerate size distribution of the aerogels: (a) A-SiO2, (b) S-PVP, (c) S-Triton, and (d) S-F127 

The FTIR spectra patterns show the presence of the different surfactants (Figure 3). It is important to note 
that they show typical vibration bands of siliceous materials, such as the wide band situated around  
3400-3450 cm- 1 to correspond to the overlapping of the O - H stretching bands of hydrogen-bonded water 
molecules (H - O - H ⋯H), and SiO - H stretching of surface silanols hydrogen-bonded to molecular water 
(SiO-H⋯H2O) [9]. Furthermore, the Si - O in-plane stretching vibrations of the silanol Si - OH groups appear 
at around 950 cm-1 [10], and the absorption bands corresponding to the adsorbed water molecules deformation 
vibrations appear at 1630-1650 cm-1 
[11]. The adsorption of water molecules 
on the surface of the aerogels is due to 
the existence of surface silanol groups, 
and therefore due to the hydrophilic 
nature of these silica materials. The 
intense silicon-oxygen covalent bonds 
vibrations appear mainly in the 1000-
1200 cm-1 range, revealing the 
existence of a silica network with 
asymmetric stretching vibrations of Si - 
O - Si[12]. Another band appearing at 
814 cm-1 is due to the symmetric 
stretching vibrations of the bond Si - O - 
Si [13], and its bending mode appears 
at 460 cm-1 [14]. The low energy band 
at 565 cm-1 is assigned to Si - O 
stretching of the SiO2 network 
effects[15]. The use of organic 
surfactants leads the formation of 

Figure 3 FTIR spectra of the silica aerogels: (a) A-SiO2,  
(b) S-Triton, (c) S-F127, (d) S-PVP 
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surface methyl groups. The corresponding surfactant templated samples, show several peaks in the 2850-
2950 cm-1 range assigned to the C - H symmetric and antisymmetric stretching vibrations of  - CH3 and - CH2 
groups also visible C - H symmetric and antisymmetric vibrations at 1385 cm-1 and 1415 cm-1 respectively [16].  

The results of measured density are shown in Figure 4. It is obvious that incorporation of the surfactant into 
the SiO2 matrix promotes an increase in aerogel apparent density. As it was expected, the increase of the 
density resulted not only from the incorporation of the surfactants but also from the enclosed structure that is 
formed in the case of F127 aerogel. It is important to remark that during the supercritical drying procedure the 
surfactant was not completely removed due to the high-pressure extraction process, and some residue of it 
stills presents in the final aerogel, which is clear from the increase in the apparent density and the detected  
C - H bonds by FTIR. Therefore, is necessary to heat up the final aerogel samples up to 400 °C and thus, 
ensure to remove the organic compounds from the SiO2 matrix. 

 
Figure 4 Apparent density of the system S-F127 varying the molar ratio TMOS/F127 from 1 to 2 

4. CONCLUSION 

In the present paper, we studied the effect on the textural properties of three different surfactants in the silica 
aerogels synthesized by sol-gel methodology. The modifier surfactant had strong effects on the physical 
properties of the system with a variation of the agglomerate size distribution with a possible effect on the 
surface tension, and transparency which is an indicative of a modification of the pore size. The presence of 
used organic compounds was detected by FTIR, and in a further work is necessary to investigate the removal 
of the surfactant by a thermal heating and get SiO2 completely pure SiO2 aerogels. 

ACKNOWLEDGEMENTS   

The results of this research were obtained within the framework of the CEITEC 2020 project (LQ1601) 
with the financial contribution of the Ministry of Education, Youth and Sports of the Czech Republic 

as part of targeted support from the National Sustainability Program II. 

REFERENCES 
[1] S. KISTLER, Coherent Expanded-Aerogels. Journal of Physical Chemistry, 1932, vol. 36, no. 1 pp. 52-64.  

[2] W. LAWRENCE, Aerogel applications, Journal of Non-Crystalline Solids, 1998, vol. 225, pp. 335-342.  
[3] A. PIERRE, G. PAJONK, Chemistry of Aerogels and Their Applications, Chemicla Reviews, 2002, vol. 102, no. 

11, pp. 4243-4265. 

Ratio TMOS/F127

0,0 0,5 1,0 1,5 2,0 2,5

De
ns

ity
 (g

 c
m

-3
)

0,05

0,10

0,15

0,20

0,25

0,30

0,35

0,40

0,45



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1140 

[4] R. BAETENS, B. JELLE, A. GUSTAVSEN, Aerogel insulation for building applications: A state-of-the-art review, 
Energy and Buildings, 2011, vol. 43, no. 4, pp. 761-769.  

[5] C. GARCÍA-GONZÁLEZ, M. CAMINO-REY, M. ALNAIEF, C. ZETZL, I. SMIRNOVA, Supercritical drying of 
aerogels using CO2: Effect of extraction time on the end material textural properties, Journal of Supercritical 
Fluids, 2012, vol. 66, pp. 297-306. 

[6] J. MARTIN, B. HOSTICKA, C. LATTIMER, P. NORRIS, Mechanical and acoustical properties as a function of 
PEG concentration in microporous silica gels, Journal of non-crystalline solids, 2001, vol. 285, no. 3, pp. 222-229.  

[7] R. VENKATESWARA, M. KULKARNI, Effect of glycerol additive on physical properties of hydrophobic silica 
aerogels, Materials Chemistry and Physics, 2002, no. 3, vol. 77, pp. 819-825.  

[8] T. WEI, S. LU, Y. CHANG, Transparent, Hydrophobic Composite Aerogels with High Mechanical Strength and 
Low High-Temperature Thermal Conductivities, Journal of Physical Chemistry, 2008, vol. 112, no 38, pp. 11881-
11889.  

[9] C. BRINKER, G. SCHERER, Sol-gel Science. The Physics and Chemistry of Sol-gel Processing, 1st ed. New 
York: Academic, 1990. 257 p. 

[10] N. GOPAL, K. NARASIMHULU, J. RAO, EPR, optical, infrared and Raman spectral studies of Actinolite mineral, 
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 2004, vol. 60, no. 11, pp. 2441-2448.  

[11] G. SOCRATES, Infrared and Raman Characteristic Group Frequencies: Tables and Charts, Wiley, 2001.  
[12] A. DURAN, J. FERNANDEZ-NAVARRO, P. CASARIEGO, A. JOGLAR, Optical properties of glass coatings 

containing Fe and Co, Journal of Non-Crystalline Solids, 1986, vol. 82, no. 3, p. 436. 

[13] H. IMAI, M. YASUMORI, H. HIRASHIMA, Significant densification of sol‐gel derived amorphous silica films by 
vacuum ultraviolet irradiation, Journal of Applied Physics, 1996, vol. 79, no. 11, pp. 14-21.  

[14] H. GUNZLER Y H. GREMLICH, IR Spectroscopy: An Introduction, 1st ed. Switzerland: Wiley, 2002, 220p.  
[15] A. CHMEL, E. MAZURINA Y V. SHASHKIN, Vibrational spectra and deffect structure of silica prepared by non-

organic sol-gel process, Journal of Non-Crystalline Solids, 1990, vol. 122, no. 3, pp. 285-290.  

[16] D. OU Y A. SEDDON, Near- and mid-infrared spectroscopy of sol-gel derived ormosils: vinyl and phenyl silicates, 
Journal of Non-Crystalline Solids, 1997, vol. 210, no 3, pp. 187-203. 

 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1141 

ELECTRODEPOSITED GALVANIC COATINGS ZnNi - COMPARISON MEMBRANE SYSTEM 
WITH CONVENTIONAL METHOD 

SZŁAPA Ilona1,2, JĘDRZEJCZYK Dariusz2, SKOTNICKI Wojciech2  

1BULTEN POLSKA S.A. Bielsko-Biała, Poland,EU, ilona.szlapa@bulten.com 
 2University of Technology in Bielsko Biała, Poland, EU 
djedrzejczyk@ath.bielsko.pl, wskotnicki@ath.bielsko.pl  

Abstract 

The purpose of these studies is to compare the parameters of the galvanic process using a conventional 
method for electrodeposition of ZnNi coating with a new method using a membrane system. The study was 
conducted on a pilot production barrel line using electrolytes operating in industrial conditions. The coating 
was applied to M6 carbon steel bolts mass-produced and heat-treated. The composition of both baths and 
their cathode current efficiency was analyzed. The deposition rate and concentration of nickel in the coating 
were evaluated. Studies have shown a difference in coating deposition rates and in the content of nickel in the 
coating.  

Keywords: Fasteners, alloy coatings, current efficiency, membrane system 

1. INTRODUCTION 

Nickel plated alloy coatings have been in use since the late 1970s. This trend was initiated by the automotive 
and aerospace industries at a time when cadmium was considered to be highly toxic [1]. There are three 
causes why zinc alloys with nickel have been selected. 

Firstly the addition of several percent nickel (12-16%) improves of the radically corrosion resistance [2, 3]. The 
average corrosion requirements for galvanic zinc coatings resistance according to the requirements of the 
automotive industry are 120 ÷ 240 h (red corrosion), for ZnNi alloys it is 480 ÷ 720 h [4-6]. 

The second reason for the introduction of nickel into zinc coatings is the use in the cars production light alloy 
(engine bodies, pumps, brake systems). These elements are connected and fixed by in fastening elements 
covered with zinc protective coatings. As it is commonly known the connection zinc aluminium is not 
appropriate due to the difference of potentials of both metals. Adding 14% nickel in the zinc coating reduces 
its electronegativity and thus minimizes the corrosion effects of the contacts [7]. The standard potential for 
electrolysis under normal conditions for Zn is - 0.8 V, for Fe - 0.44 V (for Cd - 0.4 V) the potential of ZnNi 
coating after adding 14% Ni is - 0.55 V [8]. 

The third reason is the significant increase in hardness of the ZnNi alloy, after adding a few Ni percent the 
coating HV values 10 times increases. The pure zinc coating has a hardness < 50 HV, alloy coating  
ZnNi > 450 HV [9, 2]. Since zinc is more plastic than steel, static and dynamic stress transfer through threads 
with zinc coating is limited [10]. The solution is to use a ZnNi alloy coating which hardness is similar like the 
hardness of the heat treated steel [11]. The high hardness of ZnNi coating increases the wear resistance of 
the coating, while retaining its ductile properties. 

In addition, recent research shows that alloyed zinc coatings with 14-16% Ni protect the base material from 
hydrogen creating nickel hydride [12].  

ZnNi alloy coatings are obtained from two types of electrolyte acid and alkaline baths. However, the automotive 
industry is recommending alkaline coatings because they are more resistant to corrosion and have better 
layers distributed on the surface of fasteners [13]. There are currently on the market two different methods for 
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ZnNi coatings application. The first with a traditional steel anodic system, the other one with the use of selective 
semipermeable membranes [14]. The purpose of the study was a comparison of the technologies listed above. 

2. THE OWN INVESTIGATIONS 

2.1. Research facility  

Two alkaline electrolyte solutions for ZnNi electrodeposition was chosen for the research - Figure 1a. 
Electrolytes were taken from automated production lines. Electrolyte 1 comes from the barrel line where the 
classical electrodeposition method is used, with steel anodes. Electrolyte 2 comes from the barrel line where 
the membrane system is used. The investigation regarded screws M 6 - Figure 1b, their dimensions with 
parameters of the electrolysis process shows Table 1. The screws were made of carbon steel, cold-formed, 
hardened and tempered in order to obtain mechanical properties corresponding to the properties of class 8.8. 
Before coating deposition the classic surface preparation was applied: degreasing, etching, electro degreasing 
- anodic, activation, neutralization. Additional information: the screw pan head is made of annealing material 
with higher content of Cr and C. 

 

Figure 1 Object of research: a) - an example of the colour of tested electrolytes; b) - tested screw 
appearance with ZnNi coatings 

Table 1 Parameters of electrodeposition process together with screw dimensions 

 Flange bolt Flange bolt Pan head bolt 

Dimension, mm 6x16 6x30 6x55 

Weight of 100 pcs. 672.6 g 942 g 1220 g 

Area of 100 pcs. 8.953 dm2 11.975 dm2 18.159 dm2 

Current density 0.67 A/dm2 0.67 A/dm2 0.57 A/dm2 

Temperature of electrodeposition process 22 0C 22 0C 22 0C 
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3. METHODOLOGY AND THE RESEARCH RESULTS   

The study was started from analyzing the composition of the bath by spectrophotometer to determine the 
working concentrations of basic salts (NaOH, Zn and Ni) and impurities (CO32-, SO42-) inside the electrolytes 
working in industrial conditions. Next the cathodic current efficiency based on the theory of Faraday was 
checked. For this purpose, a nickel anode was installed in a 1 dm3 vessel and a steel plate was placed in it 
with width corresponding exactly to the width of the anode. Layout shows Figure 2. The plates were weighed 
before the test. Electrolysis was carried out during 60 min on a sample surface of 0.3 dm2 with a nominal 
current of 2.0 A and a current density of 0.15 A/dm2. The current efficiency of the cathode was calculated from 
the ratio of mass emitted at the cathode to the mass resulting from Faraday's law.  

 
Figure 2 The appearance of: a) - the vessel used to determine current cathode efficiency,  

b) - electrolysis scheme along with cathodic and anodic reactions 

In the experiment also test to determine concentration of nickel in the coating within the entire current density 
range was carried out by using a Hull cell. The tile/cathode had dimensions of 20 cm x 7.5 cm. Electrolysis 
was carried out with a nominal current of 3 A within 20 min. Scheme layout shows Figure 3. 

 
Figure 3 View showing the Hull cell 

Electrolysis simulations under industrial conditions were carried out on a pilot line located in Research Center 
of Coventya in France. The screws were placed in a barrel with a load capacity of up to 2 kg, perforation holes 
of 4 mm. Electrolysis was carried out on all types of screws in both technology, classic and new with ceramic 
membrane. Thickness and percentage of Ni content in the coating was tested using X-Ray diffraction type 
Fischer XDVM - W. For each type of screw 6 pcs were randomly selected. Measurement was done on the 
head of the bolt in half radius distance according to the applicable standards. 
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Table 2 Parameters of the solutions tested 

 
Electrolyte 1,  

conventional method 
Electrolyte 2,  

membrane method Scope of work recommended by the 
manufacturer, g/l 

unit Concentration unit Concentration 

Carbonates g/l 42 g/l 26 Total amount of carbonates and sulphates 
< 80 Sulfur g/l 43.7 g/l 62.6 

Sodium 
hydroxide g/l 105 g/l 122 120 ÷ 125 

Nickel g/l 2.57 g/l 1.9 1.0 ÷ 1.8 
Zinc g/l 9.06 g/l 7.5 7.0 ÷ 10.0 

Cathodic current 
efficiency 56.5% 76.05% n.o. 

Table 3 Result of electrolyte analysis using cell of Hull 

 Electrolyte 1, conventional method Electrolyte 2, membrane method 

Current density Coating thickness Concentration of Ni Coating thickness Concentration of Ni 

11.1 A/dm2 12.3 µm 13.9% 8.94 µm 14.4% 

7.7 A/dm2 11.5 µm 13.0% 8.04 µm 14.6% 

4.1 A/dm2 8.16 µm 13.1% 6.99 µm 14.4% 

1.7 A/dm2 5.68 µm 13.8% 5.72 µm 14.4% 

1.1 A/dm2 3.45 µm 15.0% 3.68 µm 14.3% 

0.7 A/dm2 2.28 µm 15.0% 2.18 µm 14.2% 

0.5 A/dm2 1.31 µm 14.3% 1.49 µm 13.3% 

0.4 A/dm2 0.69 µm 17.0% 1.02 µm 12.1% 

Standard 
deviation 4.53 µm 1.3% 3.09 µm 0.857% 

 
Figure 4 Graphical representation of results of the evaluation of the rate of electrodeposition: 

a) - speed of process in µm/min 
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Figure 4 Graphical representation of results of the evaluation of the rate of electrodeposition:  

b) - Time required to obtain a coating of min. 8 μm thickness 

4. RESULTS DISCUSSION 

Comparative studies of two available ZnNi coating electrolysis technologies show the difference between the 
operational parameters of processes during long-term industrial use.  

Electrolyte 1 coming from the classical technology is characterized by lower current efficiency than Electrolyte 
2 taken from the line equipped with membrane anodes. The difference between the current efficiency is 20% 
(Table 1).  

Both solutions have a high concentration of pollutants, above the values recommended by the chemical 
manufacturer. The sulphate ions present in the solutions are introduced by NiSO4 salt, which delivers nickel 
to the electrolyte, thus increases their concentration during the electrolysis - Table 1. Carbonate ions are the 
result of the absorption of CO2 from the air and the oxidation of the organic compounds used in the 
electroplating.  

Strong extraction of oxygen in the cathode process causes accelerated decomposition. In addition, oxygen 
supplied from cathode processes takes part in amine decomposition and cyanide nickel complex formation, 
this negatively affects the cathodic current performance of ZnNi coatings. Brown colour of electrolytes indicates 
presence of cyanide complexes. The electrolyte 1 is definitely darker than the electrolyte 2 - Figure 1. The 
nickel that is built into the cyanide complex does not participate in the electrodeposition of coating. This results 
in the higher concentration of this metal in electrolyte 1 (electrolyte 1 - 2.56 g/l, electrolyte 2 - 1.9 g/l) at the 
same time, lower speed of deposition rate of coating in electrolyte 1 (Table 2). In order to separate the anode 
processes from the electrolyte solution the membrane anodes are used. Membranes bring electrical charge to 
the electrodeposition but do not allow oxygen to penetrate. Electrolyte 2 is heavily contaminated mainly with 
sulphates (62.6 g/l - Table 2), it suggest that the freezing process is applied on the production line periodically. 
Despite the high concentration of impurities, the deposition rate of the coating is higher than the viscosity of 
electrolyte 2 by more than 30% (Figure 4). This fact is important for the calculation of production costs and 
the line production capacity. Low current promotes high quality coatings, lowers energy consumption and 
chemicals that are dosed according to the amperometric meter indication (Ah). Also the ability to use periodic 
process freezing generates measurable gains in terms of energy consumption and sludge disposal costs. It 
follows from the electrolyte test using a Hull cell that for the electrolyte 2, the Ni percentage in the coating over 
the whole bandwidth of the current density is more uniform than in the electrolyte 1 (Table 3).  
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The above results show yet another regularity. The ZnNi coating electrode deposition rate on the 6x55 screws 
in both technologies was higher than in the case of others screws, this is related to the type of material used 
to produce them (Figure 4). The wire rod for the 6x55 screws production contains alloyed elements, it was 
composed of more chromium and carbon (Cr 0.40%, C 0.35 ÷ 0.39%) in comparison to the material used to 
produce the 6x16 and 6x30 screws (Cr 0.15%, C 0.15 ÷ 0.20%).  

5. CONCLUSIONS  

Based on the research, the following conclusions can be formulated:  

 The use of a membrane system in the galvanic process reduce the process time by about  
30%, increasing the deposition rate of the coating, 

 Shorter electrodeposition time in membrane technology does not require from manufacturers to lower 
productivity on line, which contributes to maintaining high productivity and fixed unit production costs, 

 Maintaining 75% of cathode currents at high pollutant concentrations results in greater repeatability and 
quality of coatings without requiring higher current densities, 

 Studies have shown that the selective action of membranes effectively lowers the growth of carbonates 
in the electrolyte. In addition, it significantly reduces the formation of cyanide complexes, 

 Reducing the concentration of cyanide complexes makes waste water treatment cheaper, as it does not 
require breakdown of complexes before precipitating metals, 

 Production of alloy coatings using a membrane system offers greater possibilities for process 
optimization. No limitation from the point of view of production parameters allows optimization of quality 
and cost parameters. 
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Abstract 

The article deals with porosity of compound layers after gas and plasma nitriding. Experiments are focused on 
using of gas and plasma nitriding processes for surface treatment. Nitriding technologies were applied to steels 
C 35 (sample A1) and steel 34CrNiMo6 (sample A6), which were subsequently evaluated by electron 
microscopy, GDOES, XRD and microhardness methods. The results of measurement showed characteristics 
of chemical composition of alloying elements in core of material and in created nitrided layer after chemical-
heat treatment process. Main task was to compare the porosity after plasma and gas nitriding and finally 
prepare the documentation of pores from surface and from cross sectional structure. Plasma and gas nitriding 
process were applied for increasing of surface hardness of material in depth and improve mechanical and 
tribological properties. Mechanical and tribological properties of tested material were significantly increased.  

Keywords: Gas nitriding; plasma nitriding; alloying elements; nitrided layer; porosity 

1. INTRODUCTION 

The chemical-heat treatment is in many cases applied to already heat-treated steels, i.e. after heat-treatment 
process [1]. Non-equilibrium structure is due to redistribution of alloying elements in crystal lattice more suitable 
for diffusion process. The aim of this paper is to achieve an enhanced surface hardness, better wear 
resistance, reduced friction coefficient, increase fatigue limit or corrosion resistance with low occurrence of 
porosity. During nitriding process the nitrides of iron are primarily created. These type of nitrides caused low 
increasing of microhardness. Main elements that caused increasing of mechanical properties are alloying 
elements as molybdenum, vanadium, aluminium or chrome. During nitriding process, two layers are mostly 
created. The compound layer created on the surface of steel is consisted of ε-Fe2-3N and γ-Fe4N phase [2]. 
The proportion of individual phases is dependent on carbon concentration in steel [1]. The compound layer 
has been very hard and brittle with good friction and anticorrosion properties [2, 3]. Unfortunately, the porosity 
is very often presented in these surface compound layers. The thickness and hardness of γ´-Fe4N (diffusion 
layer) depends on quantity and quality of alloying elements [3, 4, 5, 6]. This article describes the influence of 
type of nitriding technology to formation of areas of pores in surface compound layers. The porosity is 
presented in surface layer and be able to have bad influence on mechanical properties, esp. the wear 
resistance [7, 8, 9]. Chemical composition of steel was verified by GDOES/Bulk method on LECO SA 2000 
spectrometer and local measurement of composition was carried out on SEM microscope Hitachi Tabletop 
3000 equipped by XRD Oxford Instruments Stream-2. Microstructure was evaluated by electron microscopy 
method on Hitachi Tabletop 3000. Thickness and microhardness of nitrided layers were measured by 
microhardness method in accordance with DIN 50190 standard on automatic microhardness tester LECO LM 
247 AT [10].  

2. MATERIAL AND METHOD 

Steel C35 (sample A1) and 34CrNiMo6 (sample A6) in untreated ferrite-pearlite state were heat-treated. 
Tempering and quenching was performed due to reach different microstructure with different parameters of 
microhardness and different redistribution of atom in crystal lattice.  
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Table 1 Chemical composition of selected steel 

Sample 
Chemical composition of steel [w%(X)] 

C Mn Si Cr Ni Mo Al 

A1 

(C35) 
0.36 0.68 0.33 0.08 0.04 ------ 0.003 

A6 

(34CrNiMo6) 
0.35 0.76 0.23 1.64 1.62 0.19 0.024 

The chemical composition of material was measured by GDOES/Bulk method on reference samples (Table 1). 
Glow discharge optical spectroscopy (GDOES) measurements were performed in LECO SA-2000, with argon 
glow discharge plasma excitation source, calibration of nitrogen: JK41-1N and NSC4A standards.  

Table 2 Conditions of heat-treatment 

Steel Sample 
Process 

Quenching Tempering 

C35 A1 860 °C, water 600 °C, air 

34CrNiMo6 A6 850 °C, oil 600 °C, water 

The steel structure was evaluated by electron microscopy on SEM Hitachi Tabletop 3000 before chemical 
heat-treatment. The structure after quenching is displayed in Figure 1. The conditions of heat-treatment 
process are given in Table 2.  

 
Figure 1 The chemically etched optical cross-sectional structure of sample A1 after heat-treatment 

Table 3 Depth of nitrided layers after gas and plasma nitriding 

Technology 

Depth (µm) 

A1 A6 

Compound layer Diffusion layer Compound layer Diffusion layer 

Plasma nitriding 30 h 5.36 0.26 4.24 0.29 

Gas nitriding 6 h 9.72 0.22 11.45 0.20 

The microhardness of steel was evaluated by Vickers microhardness method on the automatic microhardness 
tester LM 247 AT LECO. Load set at 50 g and 10 s dwell time. This method was used for microhardness 
measurement of surface and the measurement of created diffusion layer in depth after gas and plasma nitriding 
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process (Table 3, Figure 2). A microhardness of heat-treated sample A1 was analysed to value 499 ± 31 HV 
0.05 after quenching and 266 ± 6 HV 0.05 after tempering. In case of sample A6 it was reached the value of 
microhardness 658 ± 44 HV 0.05 after quenching and 310 ± 20 HV 0.05 after tempering.  

The initial microhardness after quenching is usually during process of chemical-heat treatment decreased due 
to high temperature close to A1 curve Fe-Fe3C (Figure 2).  

 
Figure 2 The increasing of surface microhardness caused by different microstructure of sample A1 after 

gas nitriding process (green curve tempered, yellow curve quenched) 

After preparation and nital etching, the electron microscope Hitachi Tabletop 3000 was used for observation 
of surface morphology and cross-sectional structure documentation (Figure 1). 

The thickness of created compound layer and the surface morphology after nitriding process were evaluated 
by electron microscope Hitachi Tabletop 3000 (Table 3, Figures 3, 4) equipped by XRD Oxford Instruments 
Stream-2.  

  
Figure 3a The surface morphology of A1 after 

plasma nitriding process 
Figure 3b The surface morphology of A1 after gas 

nitriding process 
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Figure 4a Cross-sectional structure of A1 after 

plasma nitriding process 
Figure 4b Cross-sectional structure of A1 after gas 

nitriding process; overview of porosity 

The results of measurements of nitrogen (N K), oxygen (O K), molybdenum (Mo L), chrome (Cr K), manganese 
(Mn K) and iron (Fe K) were performed from two local spaces by magnification 2000x by method of surface 
analysing (mapping). Results are displayed in Table 4. The changes of the chemical composition were 
measured at an accelerating voltage of 20kV and exposure time 50 sec.  

Table 4 Selected results of chemical composition measured by XRD SEM mapping method 

Element 

Technology 

Plasma nitriding Gas nitriding 

C 35 34CrNiMo6 C 35 34CrNiMo6 

A1 A6 A1 A6 

Fe 88.2 ± 0.5 79.4 ± 0.7 85.6 ± 0.6 76.4 ± 0.1 

C 5.1 ± 0.4 11.1 ± 0.6 6.3 ± 0.5 13.7 ± 1.0 

N 3.7 ± 0.2 3.3 ± 0.4 4.8 ± 0.3 4.6 ± 0.6 

O 1.7 ± 0.2 2.3 ± 0.2 1.6 ± 0.2 2.1 ± 0.3 

Ni - 1.4 ± 0.2 - 0.7 ± 0.3 

Cr - 1.2 ± 0.1 - 0.2 ± 0.2 

Mn 0.7 ± 0.1 0.5 ± 0.1 0.9 ± 0.1 1.0 ± 0.2 

Si 0.3 ± 0.0 0.5 ± 0.0 - 0.3 ± 0.1 

Mo - 0.2 ± 0.1 - - 

3. RESULTS AND DISCUSSION 

The main effort of experimental work was aimed at analysing of chemical and mechanical properties of the 
surface layers created by gas and plasma nitriding process. Main task was to prove the differences in 
compound layer which is created after plasma and gas nitriding. In compound layers the porosity was created 
without difference of using technologies, i. g. present after plasma and gas nitriding. The porosity was 
significantly increased after gas nitriding (Figures 4a, 4b). The porosity was larger after gaseous technologies 
in all experiments. The occurrence of pores was reduced after plasma technologies (Figure 4a). In compound 
layers created by plasma technologies there were presented only independently pores what is documented in 
Figure 4a. This result was confirmed by surface morphology (Figure 3a). In case of gas nitriding the porosity 
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was visible from the surface of created compound layer (Figure 3b). The influence of chemical composition 
on porosity development was not proved. Part of samples A1 and A6 were hardened and quenched (Table 2). 
The results showed the interesting difference in surface microhardness. In dependent on chemical composition 
(concentration of alloying elements) the depth of microhardness was changeable. Chemical heat-treatment 
caused decreasing of initial microhardness of steel due to long time process of nitriding (Figure 2).  

4. CONCLUSION 

Gas nitriding process caused increasing of porosity in compound layer. It was reached significant reductions 
in case of using plasma nitriding process. It is obvious that compound layer is partially diffusion layer. The top 
part of compound layer was formed due to condensation of particles in atmosphere (Figure 5). We assume 
that the pores are predominantly formed in non-diffusion part of compound layer. The experiments showed 
that the chemical composition of surface compound layer after plasma and gas nitriding has different value of 
substitution elements. The chemical composition has not remarkable influence on porosity. The formation of 
pores is dependent on selected technology. The diffusion process is more effective in gaseous atmospheres 
than in plasma. After 6 hours’ process of gas nitriding it was reached more suitable parameters of layers than 
after 30 hours’ plasma process (Table 3).  

 
Figure 5 Overview of formation of pores in the compound layer after gas nitriding process 
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Abstract 

An increase in surface absorptivity can be helpful with a number of laser heat treatment processes. Absorptivity 
can be increased by, for example, absorption coating or surface oxidation. The method of controlled laser 
oxidation was developed after a series of experiments. A scanning laser system was used to create an oxide 
layer on steel EN 10083-2: C45 surface. Subsequently, the absorbency and thickness of the formed oxide 
layer were measured, depending on the irradiation energy emitted into the surface. It has been found that 
higher the thickness of the oxide layer increases absorption, but the growth is not linear. For the wavelength 
of 808 nm, there is a local absorption maximum for irradiation energy around 2 J/mm2. The wavelength of 808 
nm was taken as a reference because we own a laser for heat treatment emitting at that wavelength. These 
results have shown that the use of surface oxidation increases the coupling of laser energy to material surface 
in the order of tens of percent. This advantage can be used to process complex workpieces where individual 
components need to be processed with different parameters. 

Keywords: Oxide layer, NIR absorption, IR radiation, surface oxidation, controlled heating 

1. INTRODUCTION 

The formation of the oxide layer on the surface of the material results in a change of its properties as a whole. 
Of course, the oxide layer has different electrical, optical and mechanical properties. This paper will be focused 
especially on the change of optical properties. The incident, reflected, absorbed, and transmitted fluxes are 
connected together by energy conservation law [1]. From this fact can be deduced that the sum of optical 
properties reflectivity (ρ), absorptivity (α), and transmissivity (τ) equals one: 

ρ + α + τ = 1 (1)  

For an opaque object without transmission (τ = 0) the relation (1) simplifies 

ρ + α = 1 (2) 

Kirchhoff’s law provides a relation between the absorption and emission processes and thus between 
emissivity and absorptivity 

ε = α (3) 

These relations are valid for similar spectral or total spectral condition. In this case, there are three sets of 
optical properties (three different wavelengths) for that Kirchhoff’s law, is valid. The three wavelengths are the 
wavelength of engraving laser 1064 nm, the wavelength of hardening laser 808 nm, and the measuring range 
of infrared camera 1 μm. 

The effect of the coating applied to the surface of the material on laser absorption is described in [2], the 
measurement showed that the absorptivity of graphite absorber at the specimen surface changes with 
reference to the absorbing coating thickness. This means that an optimum coating thickness depending on 
the type of absorber and the laser hardening conditions exists. The optimum coating thickness of the graphite 
absorber was determined in the range of 32 to 35 μm. The influence of the thickness of the absorptive coating 
on the parameters of the hardened structure was investigated in [3]. Results showed that an optimum range 
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of coating thickness which produces a large hardened layer dimension could be selected. This range becomes 
smaller as the hardening velocity increases. 

A sequential method of surface absorption determination in the laser quenching process is described in [4]. 
This paper presents an efficient algorithm for determining the surface absorptivity in the process of laser 
hardening. A regression model for the reflectivity coefficient evaluation in laser surface hardening is presented 
in [5]. The model is numerically calculated by comparing the actual surface temperature to the theoretical 
prediction obtained by process simulation. Paper [6] describes the numerical-experimental analysis of the 
surface oxidation effect on the laser hardening. The model is able to offer the temporal course of the oxide 
thickness and the calculation of the increment of the absorption as a consequence of the development of the 
oxide layer. The relative error of this method for determining the maximum temperature is less than 5%. 

Two different mechanisms of radiative absorption for the surface oxidation material were described in [7]. The 
thickness of oxide layer influences the absorptive mechanism. The oxide layer of low thickness (in the order 
of 100 nm) has high transmission and absorption on the surface of the underlying material dominates. The 
absorptivity of oxide layer increases with it’s growing thickness. Absorption through the oxide layer is 
predominant for thicker layers (in the order of 500 nm or more) of oxide. 

The phenomenon called total reflection [8] can occur for a certain thickness of the oxide layer and the given 
value of the wavelength of the incident light. 

An increase in the surface absorption of the material can be used, for example, in the laser quenching process 
[9], especially for precise heat treatment [10]. 

The aim of the paper is the creation of different oxide layers with variant influence on the absorptivity of laser 
radiation with 808 nm wavelength. 

2. EXPERIMENTAL PROCEDURE 

2.1. Surface modification process 

Tests were performed on a cylindrical sample from rolled steel EN 10083-2: C45 and with a diameter of 25 mm 
and height of 5 mm. Oxide layers were created by marking laser SPI-G3-SP-20P with MOPA arrangement. 
Parameters, to heating but not melting the surface, were chosen. The scanning speed of the laser beam and 
the laser power were chosen common for all samples. The power was set to 17.25 W and the value of 800 
mm/s was selected for scanning velocity. The depth of the oxide layer depends on fluence used for area 
treatment. The fluence characterizes the amount of radiant energy emitted into defined area unit. The quantum 
of the radiant energy was controlled by hatch 
density and allows operated growth of oxide 
layer. It means that it is controlled by the value 
of ls distance between laser crossings. A longer 
period of interaction is needed for higher 
fluence. The manner of heating the treated 
surface layer by the laser is featured in 
Figure 1. The laser beam is quickly deflecting 
in the scanning direction from one side to the 
other and the speed of advance motion 
specifies the amount of energy irradiated the 
sample surface, fluence value. 8 different oxide 
layers were made overall. Figure 1 Principle of controlled oxidation method 
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The method of measurement of spectral normal hemispherical reflectivity at room temperature was applied. 
FTIR spectrometer Nicolet 6700 and UV/VIS spectrophotometer Specord 210 BU were used for absorptivity 
measurement. 

The thickness of the oxide layer was measured by scanning electron microscope Analytical SEM Hitachi  
SU-70 (Figure 4). The groove was created on the sample surface to cut through the oxide layer. Then the 
thickness of layer’s fragments was measured. The finding of the correctly positioned fragment was 
considerable with regard to measurement’s precision. The measured sample was made of magnetic steel, so 
it was necessary to switch off the immersion optics so that the measurement was not influenced by the 
magnetic field of the sample. The thickness of the fragment was assessed in the graphic editor by pixel 
counting and this value was multiplied by pixel size obtained in additional ASEM measurement file. 

The surface roughness of the samples was measured on KLA-Tencor P-6 profilometer. The roughness was 
measured on 5 mm long trajectory. 

3. RESULTS AND DISCUSSION 

Absorptivities of the 8 layers were measured in the ultraviolet (UV), visual (VIS), near-infrared (NIR) and mid-
infrared (MIR) region. Values of absorptivity enrolled in Table 1 were measured at wavelength 808 nm. Note 
the absorptivity was increased in the range of 20%. The increase is caused by the growing thickness of oxide 
layer.  

Table 1 Oxide layer - parameters of the layer 

Fluence [J/mm2] 0.0 0.3 1.5 2.5 6.0 15.0 30.0 50.0 

Absorptivity808 [%] 70.2 75.3 88.0 87.1 85.4 86.7 87.2 88.3 

Layer thickness [nm] 50 125 140 320 295 580 630 945 

Parameter of 
roughness Rz [μm] 17.3 28.6 30.4 27.4 26.3 32.1 24.7 21.4 

Note that no high difference between roughness values in relation to created oxide layer was measured. It 
could be caused by high surface roughness of substrate material. 

 

Figure 2 Graph of the absorptivity measurement 
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While the thickness of oxide layer grows linearly in relation to fluence (Figure 3), the absorptivity does not 
(Figure 2). Specific properties of given oxide layer can take effect. Total reflection phenomenon can occur and 
cause the oxide layer with specific parameters has higher absorption than the others. The phenomenon could 
fulfill for fluence around 2 J/mm2 the increase for higher fluencies around 30 - 50 J/mm2 is caused by growing 
absorptivity of the oxide layer. 

 
Figure 3 Graph of the thickness of oxide layer 

 

Figure 4 ASEM pictures of oxide layer for different fluence 
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4. CONCLUSION 

A fiber laser beam is an efficient tool for controlled laser heating. The method of controlled heating of the 
sample by the laser, which was designed during the solution of the projects, was used to form an oxide layer 
on the surface of the sample. In the next step, the absorption of samples with the oxide layer on the surface 
was measured. The measurement revealed significant differences in absorptivity. Therefore further analyzes 
such as the measurement of oxide layers thickness have been performed. The dependence of absorption on 
the thickness of the oxide layer is not linear. The local maximum in the absorption graph could be caused by 
the phenomenon of total reflection. Additional tests are needed to clarify existing hypotheses.  
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Abstract 

Laser remelting of thermally sprayed coatings is a promising possibility how to improve their functional 
properties. However, it requires precise control of processing parameters to achieve desired depth of 
remelting. In this study, the near-infrared (NIR) camera is used to measure the achieved depth of remelting 
during diode laser remelting of HVOF sprayed coatings. Possibilities how to evaluate the temperature field in 
the melting area are presented. The width of melting pool is calculated and it shows high correlation with 
achieved depth of remelting. The study shows that the NIR measurement can be used for controlling the depth 
of remelting during a laser remelting of coatings. 

Keywords: Laser remelting, HVOF coatings, heat post-treatment, infrared diagnostic 

1. INTRODUCTION 

The High Velocity Oxygen Fuel (HVOF) spraying technology is widely used for the deposition of protective 
coatings with high wear, corrosion and temperature resistance. However, a typical lamellar microstructure of 
thermally sprayed coatings contains some imperfections such as pores, oxides and unmelted particles that 
can limit the functional properties of the created coating [1, 2]. The microstructure of the coatings and their 
functional properties can be enhanced by subsequent post-treatment, such is remelting by high power lasers 
[3-6]. However, the precise control of the remelting parameters is crucial, as the depth of the remelting play 
important role - the coatings remelted only partially can have significantly better functional properties than fully 
remelted coating [7]. 

Therefore, it would be beneficial to include some means of controlling of the remelting process. In similar laser 
applications, such as laser hardening [8-10] or laser cladding [11-13], in situ measurement using infrared 
detectors is often used to control the laser process. The possibility of using of NIR (near-infrared) camera to 
controlling the depth of remelting was already published [14]. 

In this paper, the more possibilities of IR measuring of remelting process and its evaluations are described. 
The correlation with achieved depth of remelting is presented and the merits and flaws of presented methods 
are discussed. 

2. EXPERIMENTAL PROCEDURE 

2.1. The remelting process 

The HVOF coating was deposited onto a carbon steel. The FST 484.074 Stellite 6 Co-based alloy feedstock 
powder with the nominal composition 28%Cr, 5%W, 1.2%C, 1%Si, Co-rest; gas atomized, the particle size 
range 20-53 µm, was used for spraying by the HP/HVOF TAFA JP5000 spraying gun at Výzkumný a zkušební 
ústav Plzeň s.r.o. (Research and Testing Institute Plzeň). Three samples with different combinations of 
substrate and coating thickness were used: A (S10/C0.4); B (S20/C0.4); C (S20/C1), where the Sx/Cy mark 
the sample dimensions: x - the Substrate thickness (mm), y - the Coating thickness (mm). 
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HVOF sprayed samples were then laser remelted by the High Power Direct Diode (HPDD) laser Coherent 
HighLight ISL-4000L with spot dimensions 12 × 1 mm and maximal power 4.3 kW. The laser emits at the 
wavelength 808 ± 10 nm. Processing parameters were based on previous experiments. The laser power was 
kept constant (P = 1070 W) and the process speed (S) was varied in the range from 40 to 12.5 cm/min (6.67 
to 2.08 mm/s) to change the radiant fluence (energy delivered to the surface) and achieve a different depth of 
remelting (the highest speed for a shallow remelting, the slowest for a full remelting of the coating with the 
thickness 0.4 mm). To decrease the level of internal stresses, responsible for samples deformation and cracks 
occurrence in the coating, the substrate preheating to temperature 350 °C was applied. 

Cross-sections of remelted samples (perpendicular to the direction of processing) were ground and polished 
by automatic Leco grinding and polishing equipment. The depth of remelting was measured by a digital optical 
3D microscope Hirox KH7700; it was averaged for 5 measurements. 

2.2. The measurement by two LWIR cameras 

In the first method, the remelting process was measured by two LWIR (long wavelength infrared) cameras. 
One, FLIR A615, was mounted directly on laser head and thus was moving simultaneously with a laser spot. 
The second one, VarioCAM hr head by Infratec, was static and recorded the whole treated sample. Both 
cameras have similar properties: temperature range -40 - 2000 °C, uncooled bolometric detector with spectral 
range 7.5 - 14 µm and resolution 640 × 480 px. The sequences were recorded with frequency 10 Hz. The 
emissivity necessary for temperature assessment was evaluated comparing the untreated and treated areas 
of the sample at the same temperature as an area of the sample treated with reference color of known 
emissivity. 

The evaluations of measured data include assessment of average and maximal temperatures in the area of 
the laser beam interaction with material and its progress in time. Next, from the temperature progress for 
determined spots in the laser track were exported (from the record of the static camera). From this temperature 
profiles, the time of heating from minimal to maximal temperature Tmax (marked as Δtheat ) and time of cooling 
from Tmax to reference temperature Tref = 600°C and 400 °C (marked as Δtcool(ref)) was calculated.  

2.3. Measurement using NIR camera 

Subsequently, the remelting process was recorded by the Near-infrared (NIR) camera MICRON MCS640 
(LumaSense), with a temperature range 800-3000 °C The telescopic optics (f = 75 mm, 3.5° x 2.6° FOV) was 
used. The spectral range of the uncooled silicon detector with resolution 640 × 480 pixels is 780-1080 nm. The 
camera was mounted directly on the laser. 

Two spectral filters by Thorlabs (FEL0850: Longpass Filter, the Cut-off wavelength 850 nm; FES1000: 
Shortpass Filter, the Cut-off wavelength 1000 nm) were used to cut off the laser source radiation (λ = 808 nm) 
to protect the detector of the camera. 

The temperature measurement in this NIR spectral range is more independent of the surface emissivity than 
in the case of using long-wavelength infrared (LWIR) cameras and thus provides a higher accuracy [15]. The 
emissivity of metals and coatings is higher in the NIR than in the LWIR range and it increases with an increasing 
temperature. Therefore, the emissivity was set to 1 during our measurement. Moreover, a change in the 
emissivity from 1 to 0.9 at the temperature 1500 °C results in an error of 23 °C (1.3% for values in K) and thus 
is not very significant. 

Data from the IR measurement were evaluated with the following advancement: First, the temperature profile 
for three lines across the melting zone was exported at 10 equivalently distant time points for each track (with 
the given process speed). The width of the melting pool (marked as dref) was calculated from the number of 
pixels with a temperature higher than the reference temperature Tref. For the reference temperature, following 
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values were considered: 1000 °C - melt pool and HAZ (Heat Affected Zone); 1287°C, 1410 °C - lower and 
upper temperature of Stellite melting range. The resolution 25.4 px/mm was determined from the dimensions 
of the laser spot.  

3. RESULTS AND DISSCUSION 

3.1. The evaluated temperatures 

In the Figure 1A), the measured temperatures from laser beam interaction area during one track are 
presented. It can be seen, than the average temperature in the area does not correspond to the melting range 
of Stellite (1285 - 1410°C). The temperature is averaged over a larger area than from melting pool and thus 
the temperature is lower. The maximal temperature is much higher and there is a lot of noise, as only one spot 
with max temperature in the area is measured and it can be highly unstable. Also higher temperatures are 
determined with high error, as the assessment of emissivity was for low temperatures. The temperature 
determination during measurement in LWIR spectral range is highly sensitive to correct values of emissivity.  

In the Figure 1B), the averaged values (in time) for individual tracks of these average and max area 
temperatures are presented. In addition, there is the average value of the maximal temperature measured by 
second static camera varioCAM. This value should correspond to the average value of (max AOI2). But thanks 
to high errors in measurement due to incorrect emissivity values it does not correspond. Furthermore, the 
temperature for the individual track does not have clear progress. 

From these reasons it was concluded, that temperature evaluation is not suitable for controlling of the depth 
of remelting. 

 
Figure 1 A) The evaluated temperatures in melting area during one track;  

B) average values for individual tracks 

3.2. The heating and cooling rate 

The calculation of heating and cooling times partially overcome the problem of high errors in temperature 
determination due to emissivity. As only the time when the maximal temperature in the spot was reached and 
the precise value is not necessary. Nevertheless, it is still necessary to determinate reference temperature for 
calculation of cooling times. In Figure 2A), the values of heating and cooling times for individual tracks are 
displayed. As it can be seen, the times are decreasing with increasing process speed. In Figure 1B the 
dependence of reached depth of remelting on time of cooling Δtheat(600°C) is presented. As it can be seen, the 
logarithmical correlation of the dependence have a high coefficient of determination (R2 = 0.994), it marks high 
correspondence with original data. 
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The flaws of this method are that it still partially depends on temperature determination and thus it is dependent 
on right emissivity evaluation. The calculation of time of cooling is limited with the frequency of sequence 
recording and with high frequency, a lot of data has to be recorded. More, the evaluation is made from 
temperature evaluation of specific points in the sample and thus cannot be made automatically in laser spot 
interaction area. 

 
Figure 2 A) Cooling and heating rates for individual tracks;  

B) Dependence of the depth of remelting on the cooling rate 

3.3. The width of melting pool 

Due to measuring in NIR spectral range, this method overcomes the problems of high errors in temperature 
assessment due to emissivity. More, the method of calculation further decreases the influence of right 
temperature determination, as the dimension of the area with a higher temperature than reference is calculated 
and the temperature itself is negligible. The exponential correlation of the dependence of the depth of remelting 
on the width of melting pool d1000°C and d1287°C for sample A (S10/C0.4) is presented in Figure 3A). The high 
coefficient of determination for both reference temperature marks high correspondence with original data. 

To verify the applicability of this method, the sample with different coating and substrate thickness were 
remelted. The resulting exponential correlation of the dependence of the depth of remelting on the width of 
melting pool d1000°C for samples A (S10/C0.4), B (S20/C0.4) and C (S20/C1) combined is presented on 
Figure 3B). The correlation shows still very high coefficient of determination (R2 = 0.994). It marks, that this 
method of non-contact IR measurement of the width of melting pool is very suitable for assessment of the 
reached depth of remelting during laser remelting. The method is independent of the dimension of a remelted 
sample, on its substrate and coating thicknesses. 

 
Figure 3 Dependence of depth of remelting on width of meting pool: A) Sample A and reference temperature 

1287 °C and 1000 °C; B) All samples combined and reference temperature 1000 °C 
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4. CONCLUSION 

The possible methods of using infrared cameras to measuring the laser remelting of HVOF coating were 
presented. By using cameras measuring in LWIR spectral range, the evaluation of temperature is highly 
dependent on the correct emissivity value. The direct measurement of temperature in laser spot is not suitable 
for measuring the depth of remelting. The calculation of cooling rate is more suitable and the shows high 
correspondence with the reached depth of remelting. However, using NIR camera and calculating the width of 
melting pool was shown as even more suitable for controlling the depth of remelting. This method is highly 
independent on the emissivity of the treated surface. The exponential correlation of the dependence of the 
depth of the remelting on the width of melting pool shows very high correspondence, even when remelting 
samples with different substrate/coating thickness. 
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Abstract   

Failure and wear of tools made of high speed steel (HSS) is a common cause of production slowdowns or 
interruptions. Renovation of structures made of high-speed tool steel can significantly reduce production costs 
and time needed for resumption of production. The Tool steel of HSS 23 type (M3/2, PMHS6-5-3C) was 
cladded on substrate of the same type of steel and heat-treated. The influence of hardfacing parameters on 
both macro- and microstructures was studied by light and electron microscopy. Development of hardness from 
substrate to deposit was measured by Vickers method. Metallurgical bond between parent material and 
deposit was created. The deposits are free of cracks 

Keywords: Pulsed PTA, PTA hardfacing, High Speed Steel, Microhardness, renovation  

1. INTRODUCTION 

Hardfacing by PTA is a widely used technique of new material layer deposition on the surface of wear-resistant 
parts. It is one of the welding assisted hardfacing technologies where the plasma stream is used to melt both 
filler and parent material. After crystallization the new metallurgical bond is established between the deposit 
and parent material. The thickness of deposited layer varied between 0.5-10.0 mm [1] and the dilution is from 
3 to 10 % for the majority of the PTA applications [2], [3]. PTA hardfacing is used for both new production and 
reparation of parts in valve-, glass-, oil- and other industrial fields [4], [5], [6], [7]. 

High speed steels are the alloys of iron and approximately 20% of alloying elements, namely carbon, 
vanadium, molybdenum, tungsten etc. The microstructure of a typical tool steel consists of a matrix of 
tempered martensite containing various dispersions of iron and alloy carbides [8]. 

In some previous studies it was reported that high speed steel can be deposited on mild carbon steel [9]. 
However there is no information in literature found about PTA hardfacing of high speed steel on the same 
grade parent material. The main aims of present research are to study the possibility of reparation of tools 
made from high speed steel by PTA hardfacing.  

2. EXPERIMENTAL 

High speed steel of AISI M3:2 type (Vanadis 23, Uddeholm) was used a parent material. Plates of 19mm 
thickness were prepared by powder metallurgy. One part of samples were quenched and tempered on to 
hardness of 61HRc and the other parts of plates were soft annealed (basic state). HSS 23 (Deutsche 
Edelstahlwerke, Germany) is molybdenum based high speed steel corresponding to AISI M3:2 with a good 
abrasive wear resistance and cutting edge retention with good toughness. It is suitable for demanding cold 
work applications like blanking of harder materials such as carbon steel or cold rolled strip steel and for cutting 
tools [10]. Powder of the same grade as parent material was used as the filler material for PTA hardfacing - 
AISI M3:2 (HSS23, DEW). Chemical composition of HSS23 powder is noted in Table 1 and particle distribution 
were 63-180 μm. 
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Table 1 Chemical composition of powder (HSS23, DEW), (wt%) 
 C Si Mn Cr Mo V W Fe 

HSS23 No25584 1.30 0.36 0.20 4.05 5.19 3.18 6.07 bal. 

PTA hardfacing process was done by commercially available plasma surfacing automate PPC 250 R6 (KSK, 
s.r.o., Czech Rep), (Figure 1). This apparatus is suitable for hardfacing of rotary and non-rotary parts, on the 
circumference, on the top. Feed range of torch, realized by digital servo motors is 260-260-490 mm with tilting 
of the torch in range 40°. It is possible to use oscillation, up to 200 mm in X as well as in Y axe. Ar 4.8 was 
used as shielding, plasma and carrier gas. 

Table 2 Samples, heat treatment of parent material and deposits  

Sample Plasma current Heat treatment of PM Heat treatment of deposit 

1 100Hz Quenched, tempered Cooled in furnace 

2 Cont. Quenched, tempered Cooled in furnace 

3 100Hz Annealed  Cooled in furnace 

4 Cont. Annealed Cooled in furnace 

1HT 100Hz Quenched, tempered Cooled in furnace and tempered 

2HT Cont. Quenched, tempered Cooled in furnace and tempered 

3HT 100Hz Annealed Cooled in furnace and tempered 

4HT Cont. Annealed Cooled in furnace and tempered 

 
Figure 1 PTA hardfacing on plasma surfacing automate PPC 250 R6 (KSK, s.r.o., Czech Rep.) 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1166 

Properties of deposits were studied by metallography and both optical microscopy (Zeiss, Germany) and SEM 
(Jeol, Japan). Microhardness measurement was performed on microhardness tester IndentaMet (Buehler, 
Germany).  

The single beads were deposited on to preheated parent material (250 °C) and cooled down in electrical 
furnace. All the samples were cut by metallographic saw and one part of the samples were tempered on 
temperatures 550-550-560 °C/1h on each temperature. Temperature of samples was measured by 
thermocouples and during deposition increased on 550°C approximately. Two samples were deposited by 
pulsed plasma current (170/80 A, 100Hz) and the others two samples by continuous current (155A) with 
oscillation wide of 13mm. Torch speed was 3mm·s-1 and oscillation speed was 9mm·s-1 (Table 2) 

3. RESULTS AND DISCUSSION 

The samples present regular appearance of deposited bead due to the same trajectory of torch. Deposited 
layer smoothly passes in to the parent material (Figure 2). Due to preheating, the deposits are larger and 
thinner in comparison with those in the previous work [11], [12]. There are no cracks neither pores on the 
surface of the deposits after hardfacing on soft annealed substrates. However deposition on quenched and 
tempered parent material results in cracking in both deposit and heat affected zone respectively as can be 
seen on the cross section (Figure 3). Cracking was detected also in heat affected zone of the sample 3HT 
after tempering. Sample No. 4 have no crack both before and after tempering. Based on previous studies [9], 
[13], hardfacing by pulsed-PTA caused decreasing of heat input in to the parent material and, consequently, 
higher cooling rates after crystallization. When high speed steel is used as filler material, the higher cooling 
rate results in higher hardness and lower ductility. This is the probable reason of cracking of sample 3 after 
tempering. Samples 1 and 2 present cracking in as welded state, the reason is the most likely quenched and 
tempered structure of parent material and too low temperature of preheating and interpass during hardfacing.   

 
Figure 2 Deposit of high speed steel on the same grade parent material - pulsed plasma current - 100Hz 

 
Figure 3 Sample 3 (A) and 3HT (B) - high speed steel deposit before (A), and after (B) teempering. Crack in 

HAZ of sample B 
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Figure 4 Sample 2 - transition area between parent material and deposited layer, 100x 

Microstructure of PTA deposits (Figure 4 - 4-D) is very similar to casted microstructure studied in [1], [14] and 
[15]. When the parent material, boundary region and deposit is compared (Figure 4) one can see that the 
carbides with high content of vanad are very similar shape and dimensions both in deposit and parent material 
respectively.They do not content mostly any iron while the content of carbon is higher than in carbides of 
molybdenum and tungsten. Iron is not present in any carbides of vanad, tungsten, neither molybdenum while 
chrom is dissolute in matrix with some slightly higher content in carbides region. Carbides of molybden and 
tungsten have different shape than in parent material. They form eutectic-like structure on the boundaries of 
grains. Smooth region in matrix on first images of (Figure 4 - 4-D) belongs to retained austenite while rough 
parts represent bainite/martensite mix. These regions are completely removed by tempering as it shown on 
Figure 5. Parent material keep its structure and appear as the same as before tempering. Transition area 
between parent material and deposited layer is characterized by gradual change of carbides form and shape 
(Figure 4). Bright areas on the top of micrograph belong to retained austenite while dark regions present 
martensite.  

 

Figure 5 Microhardness of deposits - 2 mm under free surface 
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Microhardness measurement of deposits 1 mm under free surface revealed that tempering by three steps on 
550°C increase microhardness of all four samples. Final microhardness of deposits on annealed parent 
material after tempering is slightly higher than microhardness of deposits on quenched and tempered material. 
The lowest microhardness was measured on sample deposited on annealed substrate by continuous plasma 
current. 

 

Figure 6 SEM micrographs of sample 4. 4-D - deposit, 
4-J - deposit/parent material boundary, 4-PM - parent 

material  

4 - 4- P4 -  

4-
D - T

 

4-
J- T

4- PM
 - 

Figure 7 SEM micrographs of sample 4-HT. 4-D-T 
- deposit, 4-J-T - deposit/parent material boundary, 

4-PM-T - parent material4000x 
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4. CONCLUSION 

It is possible to successfully clad the high speed steel on annealed parent material of similar chemical 
composition, however, hardfacing on quenched and tempered parent material results in cracks formation in 
HAZ.  

Microstructure of deposits is content relatively small vandad/carbon-rich particles (carbides) and eutectic-like 
molybden/tungsten carbides. Matrix is formed by retained austenite and martensite. Retained austenite is 
completely transformed by tempering in to martensite. Chrom is dissolute in matrix but some residual content 
can be seen In tungsten carbides too. Microhardness of all deposits increased after tempering three times on 
550°C.  

It is possible to repair large part of tool made from HSS but the piece has to be annealed, however some 
another change of parameters such as increasing of frequency of plasma current or increasing torch velocity 
can be promising in repair of quenched and tempered tools. 
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Abstract 

Inhibition of mild steel corrosion in 1 M HCl solution by alkylimidazolium bromides was investigated using 
electrochemical and weight loss methods. The studied ionic liquids showed appreciable inhibition efficiencies. 
Polarization measurements proved that the studied ILs are mixed-type inhibitors with predominantly anodic 
inhibition. The inhibition efficiency increased with the ionic liquid concentration and with the length of the alkyl 
chain. The values obtained from the polarization curves and Nyquist plots are in good agreement. The highest 
inhibition efficiency reached for the 1-octyl-3-methylimidazolium bromide was 93%. The Gibbs energy of 
adsorption was calculated by means of the Flory-Huggins isotherm and El Awady Thermodynamic-kinetic 
model. 

Keywords: Alkylimidazolium bromides, corrosion inhibition, polarization curve, electrochemical impedance  
         spectroscopy, hydrochloric acid 

1. INTRODUCTION 

The use of corrosion inhibitors is one of the most practical and economical methods of protecting metals. Ionic 
liquids are among the compounds that have been gaining increasing popularity in corrosion inhibition studied 
in the recent time. They often have a low vapour pressure and good thermal stability, so some of them belong 
among the environmentally friendly substances; nevertheless their toxicity must be verified yet. The action of 
an inhibitor is assumed to be due to its adsorption at the metal/solution interface via electrostatic attraction 
between the charged metal and charged inhibitor molecules, dipole-type interaction between unshared 
electron pairs in the inhibitor with the metal, Π-interaction with the metal or via combination of all of the above 
[1]. If the absorption process involves charge sharing or charge transfer from the inhibitor molecule to the 
surface, a coordinate-type bond is formed and the process is termed chemisorption. The main factors affecting 
the inhibition efficiency are the presence of the active centres with the high electron density (particularly 
heteroatoms such as O, N, S), and the length of the alkyl chain [2, 3,]. Despite the large amount of ILs known, 
the imidazolium based compounds constitute the most commonly used family of ILs in industrial applications. 
They are reported to show corrosion resistance on aluminium [4], copper [5], and mild steel [6 - 11]. The 
inhibition efficiency of various ILs based on methylimidazolium was higher than 92 % at 500 ppm. 1-ethyl-3-
methylimidazolium ethylsulphate proved to be a very good inhibitor for mild steel in 1 M HCl. The aim of this 
study was to determine the inhibition efficiency of 1-alkyl-3-methylimidazolium bromides for mild steel in 1 M 
HCl solution at 20 °C, ∆G0ads and the mechanism of the adsorption reaction via the electrochemical and weight 
loss measurement. 

2. EXPERIMENTAL 

2.1. Materials 

Mild steel wire having composition (wt. %) of 0.1 C, 1.5 Mn, 0.9 Si, 0.03 S, 0.04 P and balance Fe was used 
for electrochemical studies. The specimens were abraded using various grades of emery papers, washed with 
distilled water, degreased in acetone and air-dried. The solutions were prepared by dilution of ILs in 
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hydrochloric acid of 1 M concentration. Ionic liquids were prepared in the microwave reactor using alkylbromide 
and 1-butyl-3-methylimidazolium-bis(trifluoromethylsulphonyl)imide.  

2.2. Electrochemical measurements 

All electrochemical measurements were carried out on Voltalab VM 40, Radiometer Analytical (France). A 
three-electrode electrochemical system was used with the mild steel wire as working electrode (0.4 cm2), 
platinum wire as counter electrode and Ag / AgCl in 3 M KCl as reference electrode. All experiments were 
performed under atmospheric condition without stirring at 20 °C. Prior to the electrochemical measurements, 
a stabilization period of 45 min was allowed, which was proved to be sufficient to attain a quasi-equilibrium 
state for the open circuit potential (OCP) measurement. The potentiodynamic polarization curves were 
recorded in the potential range from −130 below to +130 mV above OCP at a scan rate of 1 mV∙s−1 in the 
positive direction. The EIS measurements were carried out in a frequency range from 100 kHz to 100 mHz 
with an amplitude of 10 mV peak to-peak, using the AC signal at the OCP. 

2.3. Weight loss measurements 

Gravimetric measurements were performed with the samples prepared in the same way as the working 
electrode. The wires weighing about 0.22 g were immersed into the 1M HCl solution (25 ml) with or without 
the inhibitor for seven days. After the experiment, the oxide layer was removed and the weight loss was 
determined. 

3.  RESULTS AND DISCUSSION 

3.1.  Potentiodynamic polarization curves and electrochemical impedance spectroscopy 

The electrochemical parameters as corrosion potential Ecor (mV), corrosion current density icor  (mA / cm2), 
cathodic and anodic Tafel slopes βc and βa and polarization resistance Rp (Ω cm2) were calculated via the 
analysis tool incorporated in VM 40 software. The corrosion rate was expressed as the penetration depth h 
(mm / year) from the equation (1), where ρ is density (g / cm3), z number of exchanged electrons and M molar 
weight (g / mol) of iron: 

z
Mih cor  27.3            (1) 

The inhibition efficiency (%) was calculated from the following equation, where h0 and hi is the penetration 
depth without and with the inhibitor: 

1000

0

x
h

hhIE
i

h


            (2) 

It can be seen in the Figure 1 that the corrosion potential is shifted slightly to the positive direction comparing 
with HCl solution. The results for C4 and C8 were similar. Because the difference is less than 85 mV, 1-alkyl-
3-methylimidazolium bromides can be classified as mixed type inhibitors with a predominant anodic action [8]. 
These results suggest that they can retard both the oxidation of the oxide-free iron and the discharge of the 
hydrogen ions to produce hydrogen gas on the metal surface. Both anodic and cathodic current densities are 
always lower in the presence of ILs. Tafel slopes do not change monotonously with the inhibitor concentration 
(Table 1); hence the inhibitive effect can involve some changes in the mechanism of the corrosion reaction. A 
hydrogen generation was observed at 10 ppm C4 and C6. This fact could make the electrochemical 
measurement less authentic. The inhibition efficiencies calculated from the penetration depth can be seen in 
Figure 2. They increase with the increasing inhibitor concentration and with the length of the alkyl chain. The 
1-octyl-3-methylimidazolium bromide exhibits a very good inhibition activity at 500 ppm - about 94% both for 
the polarization measurement and for the weight loss measurement. 
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The Nyquist plots obtained from the EIS measurements in the absence and presence of 100 ppm of 1-alkyl-
3-methylimidazolium bromides are presented in Figure 3. The impedance spectra exhibit one semi-circular 
capacitive loop with one time constant. This indicates the corrosion is mainly controlled by a charge transfer 
process. The diameter of the capacitive loop increases with increasing inhibitor concentration and the length 
of the alkyl chain. This is an indication of the protective film formation. The charge transfer resistance Rct (Ω 
cm2), solution resistance Rs (Ω cm2) and double-layer capacitance (μF cm-2) were calculated via the 
analysis tool incorporated in the VM 40 software (Table 1). A common equivalent circuit with the solution 
resistance in series with the parallel combination of the charge transfer resistance and double layer 
capacitance was used. The inhibition efficiency was calculated from the ratio of the charge transfer resistances 
with and without the inhibitor. The measurement for 10 ppm of C4 and C6 was disturbed by the hydrogen 
generation and the corresponding values are rather unreliable. The inhibition efficiencies obtained from EIS 
are usually slightly lower than those from polarization curves. 

 
Figure 1 Potentiodynamic polarization curves of corrosion inhibition of mild steel in 1 M HCl in the absence 

and presence of 1-hexyl-3-methylimidazolium bromide 

 
Figure 2 The inhibition efficiency from the weight loss measurements and penetration depth 
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Table 1 Electrochemical polarization and EIS parameters for mild steel in 1 M HCl solution in the absence  
   and presence of 1-alkyl-3-methylimidazolium bromides at 20°C 

 Concentration 
(ppm) 

βa 

(mV / dec) 

-βc 

(mV / dec) 

Ecor (mV) cdl 

(μF cm-2) 

Rct 

(Ω cm2) 

Rs 

(Ω cm2) 

IEEIS 

(%) 

 blank 77.5 103.4 -465 145 60.4 0.9  

C4 10 84.3 111 -455 182 54.2 0.9 -11.0 

 100 92.3 101.8 -443 142 88.8 1.1 32.0 

 500 73.5 108.9 -452 99 127.7 0.9 52.7 

C6 10 74.8 92.2 -460 148 66.8 1.0 9.6 

 100 71.5 103.7 -443 100 126.1 1.0 52.1 

 500 80.4 83.9 -430 45 280.9 1.7 78.5 

C8 10 79.9 124.2 -449 95 124.0 1.0 51.3 

 100 121.2 212.8 -437 56 632.7 0.7 90.5 

 500 89.4 174.8 -420 41 966.2 2.4 93.7 

 
Figure 3 Nyquist plots of corrosion inhibition of mild steel in 1 M HCl in the absence and presence  

of 100 ppm of 1-alkyl-3-methylimidazolium bromides 

3.2. Weight loss measurements 

The inhibition efficiency for the weight loss measurements was calculated from the equation (3): 

1000

0

x
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IE

i
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           (3) 

The relation between the efficiency obtained from the penetration depth and weight loss measurements can 
be seen in Figure 2. The solutions contained 10, 100, 300 and 500 ppm of 1-alkyl-3-methylimidazolium 
bromides and the inhibition efficiency increased with the increasing inhibitor concentration for every alkyl chain. 
The discrepancy between these two methods can be seen for 10 ppm of C4 and C6 because of the reasons 
mentioned above. 
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3.3.  Adsorption isotherms 

The action of an inhibitor in aggressive acid media is assumed to be due to its adsorption at the metal/solution 
interface. Gibbs energy of adsorption represents the strength of adsorption or desorption between adsorbate 
and adsorbent. It has been reported [8] that the values of ∆Gads0 around -20 kJ / mol and lower indicate 
electrostatic interaction between charged metal surface and charged organic molecules in the bulk 
(physisorption process), while those around -40 kJ / mol or higher involve charge sharing or charge transfer 
(chemisorption process). The values of surface coverage, Θ (IE / 100) for the different concentration of 1-alkyl-
3-methylimidazolium bromides have been used to find the best adsorption isotherm. The experimental data fit 
Flory-Huggins adsorption isotherm [12]: 

)1log(loglog 
 xK
c

         (4) 

 
Figure 4 Curve fitting of the data obtained from polarization curves to Flory-Huggins isotherm at 20 °C 

K is the equilibrium constant of the adsorption reaction, c is the inhibitor molar concentration and x is the size 
parameter (or a measure of adsorbed water molecules replaced by a given molecule of inhibitor. A linear 
dependence was found also for the thermodynamic-kinetic model [1], where 1/y =x and K=K´(1/y). 

cyK log´log
1

log 



          (5) 

Y is the number of inhibitor molecules occupying one active site. Curve fitting of data to Flory-Huggins isotherm 
are given in Figure 4. Gibbs energies and size parameters can be seen in Table 2. 

Table 2 Gibbs energy of adsorption and inhibitor size parameters obtained from polarization curves 

 Flory-Huggins isotherm Kinetic-thermodynamic model 

 -∆Gads0(kJ / mol) x -∆Gads0 (kJ / mol) y 

C4 20.4 3.8 15.3 0.41 

C6 22.4 1.9 20.7 0.64 

C8 27.2 1.9 26.2 0.55 

4. CONCLUSION 

All the 1-alkyl-3-methylimidazolium bromides under investigation proved to be mixed-type inhibitors with 
predominant anodic inhibitive effect. The inhibition efficiency increases with the alkyl chain length and reaches 
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94% for 500 ppm of 1-octyl- 3-methylimidazolium bromide. A good data correlation was found as to the 
inhibition efficiency calculated from the penetration depth and weight loss except the low concentration of 1-
butyl-3-methylimidazolium bromide, where the hydrogen evolution disturbing the electrochemical 
measurement was observed. Probably for the same reason, the inhibition efficiencies calculated from RCT 
show even higher deviation from the weight loss and polarization experiments at the low inhibitor concentration 
because of the long EIS measurement duration. The data obtained for 1-hexyl-3-methylimidazolium bromide 
and 1-octyl- 3-methylimidazolium bromide fit well Flory-Huggins adsorption isotherm and El Awady 
thermodynamic-kinetic model, the data for 1-butyl 3-methylimidazolium bromide are closer to the Langmuir 
isotherm. The values of ∆G0ads for 1-butyl 3-methylimidazolium bromide ranging from -15- -20 kJ / mol indicate 
that the studied inhibitor molecules are mainly physisorbed onto the mild steel surface. The absolute values 
for 1-hexyl-3-methylimidazolium bromide and 1-octyl-3-methylimidazolium bromide are slightly higher than 20 
kJ / mol. This fact probably means that the interaction between the inhibitor and metal surface involves both 
physisorption and chemisorption. The values calculated for 1-octyl- 3-methylimidazolium bromide are similar 
to the Gibbs energies obtained for mild steel in the sulphuric acid solution in [7]. 
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Abstract 

The contribution deals with study of adhesion organic coating systems for the repair of a damaged vitreous 
enamel coat. Vitreous enamel is resulting product of the physiochemical reactions in the process of heat glass 
forming of the complicated chemical constitution with next components of the inorganic character and 
connecting nesting characteristics of the glass and ceramic with ability of the adhesion to metal. Damage of the 
vitreous enamel coat arises particularly during of transport the product and its handling and assembly of 
enamelled parts for agricultural, energy and water industry. For experimental works were used two types of 
coating systems on the basis epoxy concrete resin and polysiloxane. Experimental results show that the 
vitreous enamel coat can be repaired by the above-mentioned organic coating systems. According to the 
results of adhesion tests according to EN ISO 16276-1 (Pull-off Test) and EN ISO 16276-2 (Cross-cut Test), 
the adhesion of organic coatings on vitreous enamel coat is suitable in value in the range from 4.0 to 5.2 MPa 
(according to Pull-off Test) and degree classification in the range from 0 to 4 (according to Cross-cut Test and 
according to pre-treatment of surface vitreous enamel coat). Use of thus repaired vitreous enamel coat is 
limited by the properties of the organic coating in contact with aggressive corrosive environment, temperature, 
drinking water and food. 

Keywords: Vitreous enamel coat, organic coating system, adhesion, surface treatment 

1. INTRODUCTION 

One of the coatings that is resistant to contact with acidic and alkaline environments, aggressive corrosive 
environment is a vitreous enamel coating. Besides vitreous enamel coating are known organic coating 
systems, also resistant to aggressive environments. Among these coatings there is a fundamental difference 
in terms of mechanical and physical properties as well as adhesion to the steel substrate. Vitreous enamel 
coat is the resultant product of physicochemical reactions in the process of heat treatment glass of complicated 
chemical composition with other ingredients of an inorganic character, combining the properties of glass and 
ceramics with the ability to adhesion to the metal. It is characterized by high resistance to compressive stress 
and low resistance to tensile strength and low break toughness (impact resistance). Vitreous enamel coat has 
to be applied to a steel substrate of a specified chemical composition suitable for enameling. Higher plasticity 
of paint systems makes it possible to apply them to steel substrates without chemical composition 
requirements and they are more resistant to impact. Enameled products and enameled segments used in 
agriculture, energy industry, wastewater treatment plants, etc. may be damaged during their use by impact, 
which is particularly characterized by cracking and consequent loss of adhesion of the coating to the metal. 
Therefore suitable technologies for repairing damaged surfaces are searched for (if it is not a large-dimensional 
damage). The paper deals with the possibility of repairing the damaged enamel coating by means of organic 
coating systems on the basis epoxy concrete resin and polysiloxane, which suit the corrosive environment and 
contact with drinking water and food. 
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2. EXPERIMENTAL RESULTS 

For experimental works were used samples of the low carbon hot-rolled sheet steel suitable for enamelling 
about thickness 3 mm and dimension 100 x 75 mm. Enamel slurry containing frit, clay, water and other 
additives intended for application on samples of steel was applied in two layers: a base layer of gray shade 
and a cover layer of blue shade in a total thickness of 450 μm. 

Two types of coating systems based on two-component epoxide and polysiloxane were used to study the 
adhesion to the damaged glass coating. The application of the organic coating was by hand-brush. 

The organic coatings were applied on pre-treated vitreous enamel coat: without surface pre-treatment (high of 
profile 50 µm), degreased in an ecological degreaser (the resulting value of high of profile 60 µm), a finely 
ground surface (the resulting value of high of profile 40 µm) and impact-damaged surface (the resulting value 
of high of profile 73 µm). After curing the coatings, the following tests were carried out: 

 Dry film thickness measurement acc. to EN ISO 2808 
 Adhesion test - Pull-off test acc. to EN ISO 4624 
 Adhesion test - Cross-cut test acc. to EN ISO 2409 

Dry film thickness of organic coating systems: epoxy coating: 140 - 180 µm; polysiloxan coating: 130 – 150 µm. 

Results of adhesion test - Pull-off test acc. to EN ISO 4624 

Table 1 Pull-off test, epoxy coating 

Surface pre-treatment Sample Nr. 

Pull-off test 

Adhesive 
strength Characteristics of the fracture surface 

(MPa) 
(%) 

A A/B B B/Y Y/Z 

Degreasing 

1 6.0 - - - 65 5 

2 1.8 - - 60 40 - 

3 5.8 - - 35 65 - 

Without surface pre-
treatment 

10 4.1 - - 90 10 - 

11 4.2 - - 50 40 10 

12 3.8 - - 50 50 - 

Grinding 

20 3.0 - - 55 45 - 

21 2.0 - - 30 60 10 

22 3.0 - - 95 5 - 

Surface damage with 
hammer 

29 5.8 2 - 70 28 - 

30 4.4 - 5 60 35 - 

31 4.0 25 - 35 40 - 
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Table 2 Pull-off test, polysiloxane coating 

Surface pre-treatment Sample Nr. 

Pull-off test 

Adhesive 
strength Characteristics of the fracture surface 

(MPa) 
(%) 

A A/B B B/Y Y/Z 

Degreasing 

1 4.8 40 - 40 20 - 

2 5.0 10 - 25 40 25 

3 4.1 10 - 70 20 - 

Without surface pre-
treatment 

10 6.0 7 - 23 70 - 

11 5.3 15 - 40 35 10 

12 6.2 20 - 30 45 5 

Grinding 

20 5.8 5 - 30 65 - 

21 3.8 5 10 60 25 - 

22 4.0 40 - 45 15 - 

Surface damage with 
hammer 

29 6.5 10 - 65 5 20 

30 4.0 35 - 30 35 - 

31 6.5 3 7 30 40 20 

Results of adhesion test - Cross-cut test acc. to EN ISO 2409 

Table 3 Cross-cut test, epoxy coating 

Surface pre-
treatment Sample Nr. 

Cross-cut test 

Degree (-) 

Degreasing 

7 1 

8 1 

9 0 

Without surface 
pre-treatment 

16 0 

17 2 

18 1 

Grinding 

26 1 

27 1 

28 0 

Surface damage 
with hammer 

35 1 

36 1 

37 1 
 

Table 4 Cross-cut test, polysiloxane coating 

Surface pre-
treatment Sample Nr. 

Cross-cut  
test 

Degree (-) 

Degreasing 

7 2 

8 3 

9 2 

Without surface 
pre-treatment 

16 3 

17 4 

18 3 

Grinding 

26 2 

27 2 

28 3 

Surface damage 
with hammer 

35 3 

36 2 

37 2 
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Figure 1 Cross section of sample with epoxy coating system, magnified 600 x 

 
Figure 2 Cross section of sample with polysiloxane coating system, magnified 600 x 

 
Figure 3 Results of adhesion test - Pull-off test 
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3. CONCLUSION 

The results of the measurements show that both organic coating systems have a very good adhesion to a 
vitreous enamel coat in the range from 2.67 to 5.83 MPa on average, depending on the type of surface 
treatment of the vitreous enamel coating. Improved adhesion of the polysiloxane coating modifies the silicon 
content of the coating structure in reaction with the ligand of vitreous enamel coat, which also contains a silicon 
component. [1] The decisive result is that both types of used organic coatings have the best adhesion to the 
damaged surface of the vitreous enamel coat by impact, which is of great importance for the subsequent repair 
of the defects organic coatings. The characteristics of the fracture surface shows that the fracture mostly 
occurs in the organic coating. In many cases, a cohesive fracture in enamel has occurred, which confirms the 
excellent adhesion of used organic coatings to the enamel coating. 
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Abstract 

In recent years, nano-sized cerium and silicon-containing coatings have been increasingly used as alternatives 
to chromate layers on galvanized steel. The present work is devoted to the development of the technology for 
obtaining these coatings. The processes of applying cerium and silicon-containing coatings to galvanized steel 
have been developed. The solution for the application of cerium-containing coatings contains in its 
composition: 10-25 g/l Ce(NO3)3•6H2O; 15-25 ml/l H2O2, 0.5-2 g/l PEG 1500.Solution for the deposition of 
silicon-containing coatings contains: 25-35 g/l Na2SiO3•5H2O; 20-30 ml/l H2O2, 0.2-0.5 g/l 
oxyethylenediphosphonic acid (OEDP). It is established that the developed passivation coatings applied on 
galvanized steel parts for corrosion resistance and protective ability are comparable with chromate coatings. 
It has been revealed that cerium-containing coatings, like chromate coatings, have the ability to self-heal. It 
was revealed that, unlike chromate coatings, the developed cerium and silicon-containing coatings withstand 
the thermal shock without degrading of characteristics. It was established that the thickness of cerium-
containing coatings is about 65 nm, and that of silicon-containing coatings is about 50 nm. It should be specially 
noted that the thickness of these coatings is noticeably less than the thickness of the chromate layers (200-
1000 nm). 

Keywords: Corrosion protection, conversion coatings, cerium-containing coatings, silicon-containing  
                     coatings, surface treatment, chromate-free passivation 

1. INTRODUCTION 

To improve the corrosion resistance of galvanic zinc protective coatings, chromate treatment processes are 
applied. The resulting conversion chromate films inhibit corrosion processes on the surfaces of these metals 
and, in addition, have the ability to self-heal at mechanical damage of the film. It is known that chromate 
solutions are highly toxic due to the hexavalent chromium ions. The problem of replacing the chromating 
processes has become critical after the adoption of the European Directive 2000/53/EC in 2000 restricting the 
presence of Cr (VI) compounds in conversion coatings [1], and in 2002 the amendments to the directive, which 
completely prohibits from July 2007 the presence of Cr (VI) in conversion coatings applied in the production of 
automobiles [2]. Similar directives have come into operation in China since March 1, 2007, and in South Korea 
since July 1, 2007. In addition, RoHS [3] and WEEE [4] prohibit the presence of Cr (VI) in metallic coatings of 
electrical and electronic equipment; the use of Cr (VI) limits the REACH regulation [5]. 

In the literature there are some technologies for the application of functional coatings that do not contain 
chromium in their composition, however, the composition of solutions and process parameters are not 
disclosed by the authors. A possible alternative to chromate treatment is the passivation processes in cerium 
and silicon-containing solutions. There are some scientific articles about applying these coatings, but also the 
composition of solutions and the parameters are not given. Russian publications or patents on these processes 
in the scientific and technical literature, as well as in the Internet resources are absent. 
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Thus, the present work is devoted to the development of the processes for the deposition of cerium and silicon-
containing coatings as an alternative to the chromate treatment. 

2. EXPERIMENTAL MATERIALS 

The samples were of cold rolled automotive steel, galvanized right before passivation. Zinc plating of steel 
samples was carried out in a slightly acidic electrolyte of the composition: ZnSO4·7H2O 140 g/l; NH4Cl 80 g/l; 
H3BO3 25 g/l; additive TsKN-3 40 g/l; additive TsKN-1 2 ml/l, I = 4 A/dm2; T = 20°C. All the chemicals were of 
grades "pure", distilled water was used. 

An express method using a solution containing Pb(CH3COO)2 50 g/l was used to evaluate the protective ability 
of conversion cerium-containing coatings. According to this method, the protective ability of the coating was 
estimated in seconds, like the time before the color change of the control section from the transparent to black 
under a drop of a solution on a zinc base. 

The thickness of the coatings was determined by an ellipsometric method using an ellipsometer Gartner on a 
solid-state laser LSM-S-111 with a green filter. 

XPS measurements were performed on an OMICRON ESCA+ spectrometer (FRG) with the Mg-anode (the 
radiation energy 1253.6 eV and power 252 W). The pass energy of the analyzer was set at 20 eV. To take into 
account the charge of the samples, the position of the XPS peaks was standardized by the C1s peak of the 
hydrocarbon impurities from the atmosphere, the binding energy Eb of which was taken equal to 285.0 eV. 
The base pressure in the analyzer chamber was kept no higher than 8·10-10 mbar. The spectra were 
deconvoluted into components after subtraction of the background determined by the Shirley method [6]. The 
peak position accuracy was determined of ± 0.15 eV. The element ratios were calculated using integral 
intensities under the peaks, taking into account the photoionization cross sections σ of the corresponding 
electron shells [7]. Using the integrated intensity of the peaks and the MultiQuant program [8], the thicknesses 
of the layers formed on the surface were calculated with allowance for the mean free path of the electrons λ, 
according to the formula of Cumpson and Seah [9]. 

To analyze the quantitative and qualitative composition of films formed on the surface of metal samples, the 
spectra of C1s, O1s, N1s, Si2p, Ce3d, Zn2p3/2, ZnLMM electrons were analyzed. 

To determine the self-healing ability of the applied coatings, transverse incisions were made on the surface. 
The area was photographed with the Metam PB-21-2 metallographic microscope. The samples were then 
placed in a 0.05 M NaCl solution. After a predetermined time (12 or 24 hours), the samples were removed 
from the chamber, dried in air, and then again photographed the same section of the sample surface. 

Corrosion tests of cerium and silicon-containing coatings were carried out in a salt fog chamber Ascott S120iP 
in accordance with the international standard ASTM B117, adopted in the automotive industry.  

3. EXPERIMENTAL WORK 

Taking into account the literature information, solutions were prepared on the basis of a nitrate salt of cerium 
[Ce(NO3)3·6H2O] or sodium metasilicate (Na2SiO3·5H2O) and hydrogen peroxide (H2O2) as an oxidant. 

3.1. Determination of the cerium-containing coatings depositing process parameters 

The experiments carried out made it possible to determine the optimum concentration range of the solution 
components in which cerium-containing coatings are formed. It has been established that in the concentration 
range 10-25 g/l of cerium nitrate and 15-25 ml/l of hydrogen peroxide in the solution, homogeneous continuous 
coatings with a protective capacity (ES) of 12-17 s are formed on the surface of galvanized surfaces. 

Studies have shown that the permissible pH values of solutions are in the range 2.0-3.0 units. 
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In this pH range, the following reactions may occur [10]: 

Ce3+ → Ce4+ + e-                                                                                                                                             (1) 

4Ce3+ + O2 + 2H2O + 4OH− → 4Ce(OH)22+                                                                                                     (2) 

At the same time, according to the Purbe diagram, the zinc base dissolves and the following reactions occur: 

Zn → Zn2+ + 2e-                                                                                                                                              (3) 

O2 + 2H2O + 4e- → 4OH-                                                                                                                                (4) 

Formed zinc ions, as well as not oxidized by hydrogen peroxide, Ce3+ ions form zinc and cerium hydroxides: 

Zn2+ + 2OH- → Zn(OH)2                                                                                                                                  (5) 

Ce3+ + 3OH- → Ce(OH)3                                                                                                                                 (6) 

It should be noted that the complex ion Ce(OH)22+ can be reduced to Ce(OH)3 by the reaction: 

Ce(OH)22+ + OH- + e- → Ce(OH)3                                                                                                                  (7) 

During subsequent drying, the resulting coatings are dewatered according to the reactions: 

2Ce(OH)3 → Ce2O3 + 3H2O                                                                                                                           (8) 

2Ce2O3 + O2→ 4CeO2                                                                                                                                    (9) 

Zn(OH)2 → ZnO + H2O                                                                                                                                 (10) 

Reactions 1-10 describe the mechanism of a cerium-containing coating formation, which, apparently, consists 
of oxides Ce2O3, CeO2 and ZnO. This is confirmed by the results of a study of the chemical composition of the 
coatings. Observing XPS spectra of coatings indicate the presence of oxygen, cerium, zinc and carbon on the 
surface. It was found that cerium presents in the coating in the trivalent and tetravalent state, which 
corresponds with the above described mechanism of literary data. 

Experiments revealed that at a solution temperature of less than 40°C, unsatisfactory coatings with low 
protective ability are formed, and when the solution is heated above 60°C, the coatings become not uniform, 
their appearance deteriorates, and the protective ability decreases. Taking into account these results, a range 
of solution temperatures of 40-60°C was chosen. It was found that coating formation at a temperature of 50°C 
and a pH of 2.5 is completed within 45 seconds, protective ability of coatings during this time reaches a 
maximum and then almost does not change. 

It is established that addition of PEG 1500 in the amount of 0.5-2 g/l promotes an increase inprotective ability 
up to 35 seconds.  

3.2. Determination of the silicon-containing coatings deposition process parameters 

It has been established that in the concentration range 25-35 g/l of five-water sodium metasilicate and 20-30 
ml/l of hydrogen peroxide in the solution on the surface of galvanized samples, homogeneous, colorless and 
iridescent coatings with low protective ability of 5-8 seconds are formed. Studies have shown that the 
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permissible pH values of solutions are in the range of 2.0-2.5. In this pH range, the zinc substrate dissolves 
according to the following reactions: 

Zn → Zn2++2e-                 (11) 

O2+2H2O+4e-→4OH-                (12) 

The resulting zinc ions react with hydrogen peroxide to form zinc oxyhydrate: 

                                                                                                                      (14) 

The zinc hydroxide formed by reaction 14 reacts with sodium silicate, resulting in reactions 15 and 16 forming 
a silicate polymer on the zinc surface [11]: 

  (15) 

               (16) 

It was experimentally established that the formation of silicon-containing coating at a temperature of 20°C and 
pH = 1.5-3 is completed within 1.5-3 minutes, while the protective ability of coatings reaches maximum (10 
s).The XPS spectra of the developed silicon-containing coating revealed the presence of silicon, zinc, oxygen, 
and hydrogen in the coating, which is consistent with the known mechanism for the formation of a PCB. It has 
been found that the introduction of oxyethylenediphosphonic acid (OEDP) in the amount of 0.2-0.5 g/l leads to 
a sharp increase in the protective capacity of up to 25 seconds. 

3.3. The thickness and mass of the coatings produced 

The thickness of cerium and silicon-containing coatings was determined by an ellipsometric method in 
comparison with chromatic coatings (Table 1). 

It is established that the thickness of cerium-containing coatings is about 65 nm, and that of silicon-containing 
coatings is about 50 nm. It should be specially noted that the thickness of these coatings is noticeably less 
than the thickness of the chromate layers (200-1000 nm). 

Table 1 Thickness and mass of coatings produced 

Type of coating Thickness, nm Coating weight, g/m2 

Chromate 200 1.3 

Cerium-containing 65 0.85 

Silicon-containing 50 0.83 

It was found that the greatest amount of zinc from galvanized steel is discharged in a silicon-containing solution 
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(2.65 g/m2), which is apparently explained by a more acidic pH.  

3.4. Tests of the coatings 

It was found that the protective ability and appearance of conversion cerium- and silicon-containing coatings 
does not depend on the nature of the zinc substrate. Coatings formed on zinc precipitated from acidic, weakly 
acidic or alkaline electrolytes have approximately the same protective capacity.In order to identify the 
possibility of operating coatings under high-temperature conditions (thermal shock), the samples were heated 
for 1 hour at a temperature of 150°C (Figure 1). It was found that the protective ability of cerium-containing 
coatings after thermal shock did not change, and silicon-containing coatings even increased from 35 to 40 
seconds, while the protective ability of chromate coatings, as expected, decreased to 12 seconds. 

It has been found that cerium-containing coatings are capable of self-healing: scratches on galvanized steel 
samples with a protective cerium-containing film completely overgrow the newly formed coating in the 
presence of moisture in 24 hours. It should be noted that the silicon-containing coating does not possess this 
ability.Corrosion tests (ASTM B117) of the resulting cerium and silicon-containing coatings in a salt fog 
chamber were carried out (Figure 2). 

 
Figure 1 The protective ability of coatings before and after exposure to high temperatures 

A - without thermal shock; B - after thermal shock 

 
Figure 2 Results of corrosion tests of coatings in a salt fog chamber 
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It is established that the time before the appearance of the first white corrosion centers on cerium-containing 
coatings is 75 hours, and the silicon-containing is 90 hours, which correlates with the 72 hours regulated by 
the ISO 9227 standard for iridescent chromate coatings. 

4. CONCLUSION 

As a result of this study, it was shown that the developed cerium and silicon-containing passivation coatings 
on electro-galvanized steel parts for corrosion resistance and protective ability are comparable to iridescent 
chromate coatings.  
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Abstract  

The paper analyzes the influence of the new flux cored wire intended for cladding process by different sets of 
cladding parameters. Technological parameters of the cladding process such as welding speed, power source 
setting, the length of projecting portion of the electrode, thermal conductivity coefficient of aluminum for heating 
dissipation was analyzed. Description of the influence of these parameters was made as a function of the 
hardness distribution and structure in bead. The results of hardness distribution analysis allow to illustrate the 
nature of the impact of the examined input variables on parameters of developed surface. The most important 
parameters of the deposited hard layers here are the hardness distribution and the structure of bead. The 
cladding processes were conducted by Flux Cored Arc Welding (FCAW). As additional material for cladding 
material type Fe-Cr-C-with composite was used. To describe the properties of the layers visual test (VT), 
penetrant testing (PT), Vickers hardness, optical microscope (OM) and scanning electron microscope (SEM) 
were used. To describe the level of protection the surface against wear the test G65 was conducted. 

Keywords: FCAW, Fe-C-Cr, wear, G65, hardfacing 

1. INTRODUCTION  

Development in materials engineering, metallurgy and welding processes provides the opportunity to use 
increasingly sophisticated metal materials with special properties. Special materials are capable of transferring 
the required loads and increasing the durability of machine parts and equipment. The type of wear occurrence 
must be taken into account at each stage of erection from the design stage through the manufacturing to the 
final operation. The most effective way to protect against wear is developing the contact surfaces by the use 
the welding process and additional materials for cladding with special properties. One of these processes is 
the preventive surfactant with the use of FCAW to protect the work surfaces. Particular application of wear 
resistant plates is used in the extraction of lignite and aggregate by the open-pit method, where the processes 
of element wear are intense.  

Significant quantities of ground masses subjected to the process of mining make it necessary to use parts with 
increased wear resistance. In order to minimize wear, the abrasive components are subjected to high-
chromium-alloyed castings. Chromium cast iron alloys are characterized by very high abrasion resistance with 
moderate impact resistance and a favorable price / quality ratio. Increased abrasion resistance is possible due 
to the presence of numerous carbides in the soft matrix. Microstructure of high-chromium wafers made by 
various welding methods indicates that the most common are carbides of the type (Cr, Fe)3C, (Cr, Fe)7C3, (Cr, 
Fe)23C6 and NbC, Nb2C and they are dependent on the chemical composition of the additive material used for 
hardfacing. 

It should be noted that an excessive increase in hardness of the welded joint results in an increase in abrasive 
wear. This is caused by a decrease in the contact life of the cladded layer with the protected surface and 
consequently leads to its crushing. 

Abrasive wear accounts for about 50% of all cavities and is the largest contributor to wear.  
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The resultant of wear is a set of components, the most important of which is shown in the diagram of Ischikawa 
(Figure 1). Among the five main elements to consider are the type of load, hardness, surface condition, 
environmental conditions and working conditions [1-12]. 

 
Figure 1 Factors influencing on wear 

2. TEST AND RESULTS 

2.1. Methodological bases  

A cladding machine equipped with a water cooled table covered with aluminum plates to improve heat 
dissipation from the surfing site was used. The S235JR base material of 10 mm thickness was used for the 
surfacing tests and the size of a single 200x400 mm plate was used. For welding, a wire of chemical 
composition (C = 5.4 %, Cr = 29 %, Si = 1.2 %, Nb = 3.0 %, Mn = 0.4 %, B < 1 %). The specified input settings 
were: power source settings (11480 W), surfacing speed (160 mm / min), protruding electrode length (30 mm), 
conductivity coefficient for aluminum, (2.15 W / mK), wire feed speed (5.8 m / min), oscillation speed (2.4 m / 
min), beam width (35 mm), wire diameter (2.8 mm).  

2.2. Experimental part  

The samples were completely covered layer with the of 5 mm thickness. The produced plates were tested by 
visual inspection according to the standard ISO 17637: 2017-02 and penetration tests - ISO 3452-1:2013-08 
[13,14]. Subsequently, the samples were subjected to a hardness test on the cross section of the test specimen 
with the analysis of the distance from the top layer to each measuring point. Vickers method was used in 
accordance to standard ISO 6507-1:2005 at 98.1 N (HV10) [15]. After polishing and nitrifying, samples were 
prepared for observation on optical microscopy. Samples were also analyzed on a scanning electron 
microscope with the EDS X-ray microanalysis. 

The sample was subjected to a wear test according to ASTM G65. The standard describes a laboratory 
procedure for determining the abrasiveness of metallic materials using a rubberized friction wheel and dry 
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quartz sand. The result of the abrasion resistance test is the loss of material removed by the abrasive in mm3 

[16]. 

2.3. Results and discussion 

The Figure 2 shows the results of measure hardness distribution HV10 of the distance (mm) from the top 
surface of the bead. Hardness was measured in several points. The highest values of hardness were observed 
on the top of samples. Below the hardness values were in range from 800 to 1000 HV10. In the mixed zone 
the hardness went down to the values from 450 to 650 HV10. Hardness values of the parent material were in 
range from 175 to 225 HV10. 

 
Figure 2 Hardness distributions depending on the distance from the top  

Visual and penetrant tests show surface imperfections such as cracks. These cracks are stress relieving in 
the sample. 

Metallographic tests were conducted on polished micro-sections etched in 3% alcohol solution of nitric acid 
(nital). 

Figure 3 shows the structure of carbides in all parts of the clad. Figure 3a shows view of structure in the layer 
of clad. The distribution of carbides near fusion line (Figure 3b) and parent material (Figure 3c) is shown. 

 
Figure 3 Structure of the hardfacing plate  
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The chemical composition was determined by X-ray microanalysis EDS using a scanning electron microscope 
equipped with a Hitachi S4200 ray EDS detector. Figure 4 shows the SEM surface analysis of hardfacing 
layers, with the presence of Fe, Cr, Nb, Si and C. Given the chemical affinity it should be assumed that in the 
material there are niobium and chromium carbides.  

 
Figure 4 SEM analysis of the microscope 

Taking into account the chemical affinity of these elements it can assumed that niobium and chromium carbide 
are most likely to occur in the material (Figure 4). Due to the accepted research methodology, the share of 
coal should be estimated. Table 1 shows the weight of the elements, and Table 2 shows the atomic content 
of the elements. 

Table 1 Number of Weight (%) 
 

C Si Ti Cr Fe Nb 

Base(4)_pt1 2.8 
 

1.3 1.9 2.3 91.6 

Base(4)_pt2 1.5 
  

25.0 73.5 
 

Base(4)_pt3 
 

1.6 
 

5.7 92.7 
 

Table 2 Number of Atom (%) 
 C Si Ti Cr Fe Nb 

Base(4)_pt1 17.7  2.1 2.8 3.1 74.3 

Base(4)_pt2 6.5   25.0 68.4  

Base(4)_pt3  3.1  6.0 90.9  
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Wear tests were performed using ASTM G65 A procedure. The test data were: load 130 N, velocity 200 rpm, 
wear distance 4309 m, aggregate flow 345 g / min, density 7.86 g / cm3, initial mass 170.611 g, final mass 
170.508 g, weight loss 0.103 g, volume loss 13.104 mm3. The use of increased heat reception from the place 
of surfacing gives the expected results in terms of increased wear resistance. The most favorable result was 
obtained from the expected volume loss. In the analyzed publications, the minimum volume loss is 18 mm3 
[17, 18] and is over 10 times lower with the use of hard-wearing plates - 185 mm3 [19]. In literature, minimal 
mass loss from 0.1519 g [17] and from 0.18 g [18, 20] were observed. The analyzed case confirms the 
assumptions from the work [21] that the using cooling allows to reach the best wear resistance. 

3. CONCLUSION  

Hardness distribution was checked in dozens of points and the results of this test show that on the top of 
specimen the hardness is the highest, in the middle section hardness goes down and by the parent material 
value of hardness goes up, but still is over than to 800 HV10. Surprisingly, in the middle section of clad, 
hardness is lower than in the top section. Normally, the bottom section made by mixed clad with parent material 
has the lowest hardness. In this case using additional aluminum plate gives the quickest heat dissipation. The 
measure points of the hardness in the mixed zone is through all thickness of the layer on the same level. With 
detailed analysis of the hardness distribution, we can observe measurements in the lower part of the weld with 
slightly increased values. This may be caused by larger clusters of niobium carbide deposits in this zone. 

Observations with the optical microscope (Figure 3) show the principal axes of the distribution of carbides in 
the direction of heat dissipation. This is especially noticeable for chrome carbide due to the elongated nature 
of the excrement. Niobium carbides are finer than chromium carbides, and their distribution is not regular. 
There are places with small areas of niobium carbides - in the top of specimen and areas with a high proportion 
of niobium carbides. Their presence depends on the area of the bead. The increase of the share of niobium 
carbides was observed over the line of fusion, which was proved by hardness measurements. 

Tests performed with the use of a scanning electron microscope (SEM) with X-ray and chemical composition 
allow to conclude that the multiphase layer is deposited, and it is composed of chromium, niobium and silicone 
carbides. This information is confirmed in studies of surface distribution of elements included in the weld 
hardfacing layers and forming areas with different phase composition. 

Wear tests allowed to assess the deposits in durability. The layers developed with using FCAW allow to obtain 
a highly resistant layer based on the complex carbide structures by intensive cooling in an economical way. 
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Abstract    

In this study, special ceramic coatings were prepared on low carbon steel (1.0060 - EN 10027-2) via the plasma 
spraying technique using a WSP®-H plasma generator with output of up to 40 kg/h of aluminum oxide. 
Corundum coatings were deposited directly on the surface of steel plungers equipped with an anti-corrosion 
interlayer of zinc phosphate. Coating adhesion properties were tested using pin-off tests (modified ISO 4624) 
and reached a maximum value of 26 MPa. Corrosion resistance was evaluated by measurements of 
impedance spectra in the 100 kHz - 10 mHz range in a water solution of sodium sulfate. The capacity of electric 
double-layer varied depending on the porosity and thickness of the coating. Low-porosity coatings of >1.5 mm 
thickness had RCT 1.29·105 Ω·m2. The abrasive resistance of coatings was measured by rotary/machining test 
with SiC cutting knives, using a downforce of 50 kg·cm-2. Abrasion losses decreased with the quality of finish 
- starting at 0.00266 g cm-2 min-1 down to virtually zero losses after polishing the surface below Ra = 0.55 µm. 

Keywords: Plasma spraying, steel phosphating, ceramic coatings, corrosion resistance, abrasion 

1. INTRODUCTION 

Mechanically strong structural components resisting both abrasion and corrosion must be made of high quality 
materials. The limited selection of special alloys from very hard and corrosion-resistant materials is paralleled 
by their high price. The simpler and cheaper solution to this problem is to use a combination of a high strength 
metal base with a hard, abrasion-resistant ceramic or cermet coating. An example of this approach is fluid 
suspension pumps for high-volume abrasive microparticles used at present in the mining industry or in the 
disposal of industrial waste. The abrasion resistance requirement also has a significant corrosion resistance 
requirement so as to prevent the corrosion of the abrasion-resistant hard ceramic coatings. Plasma coating of 
metallic substrates with ceramic coatings is still the subject of intense research, particularly in connection with 
the deposition of thermal barrier coatings (TBC) on gas turbine blades and other intensely heat-stressed 
components, specifically thermal shock [1]. There is less information on the application and results of such 
combinations in industries that do not involve the risk of large economic and general losses. In cases where 
ceramic coatings on metallic substrates have multiple functions, especially abrasion and corrosion resistance, 
it is necessary to choose an approach based on the specific conditions and requirements of individual 
instances, so that a universal model of such systems cannot yet be developed. One of the possible selection 
options is the formation of ceramic coatings on anticorrosive layers which are formed by boriding, chromating, 
or phosphating steels. Corrosion of borided layers has not yet been satisfactorily described, boride layers on 
steel function independently or serve to increase the adhesion of hot-applied ceramic coatings [2,3,4]. The 
preparation of ceramic coatings on phosphated steels has already been tested for a number of combinations 
of unalloyed steels with simple and stoichiometrically more complex phosphates [5,6]. 
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2. EXPERIMENTAL 

For the experiments, steel pump plungers of the Hauhinco-type  [7] with a cylindrical shape and a diameter of 
35 mm and a length of 260 mm were made, and model plungers with a diameter of 60 mm and length 200 mm 
were made of unalloyed steel of class 11420 according to ČSN 42 0002 (see Figure 1). The surface of these 
substrates was treated with a corundum abrasive with a grain size of 60 μm -125 μm to a value of Ra = 7 μm 
-10 μm. Subsequently a coating of the corundum AH13Ti was applied using the plasma spraying method, the 
chemical analysis of which is given in Table 1. To prepare this special ceramic coating a WSP®-H plasma 
generator with a processing power of up to 40 kg·h-1 of alumina [8] was used. The corundum coatings were 
deposited directly on the surface of the steel plungers in the first experimental series and deposited in the 
second series on the surface of the plungers provided with an anticorrosive layer of zinc phosphate. The 
conditions for the application of ceramic coatings by the WSP® plasma torch have been described several 
times [9,10], so the selection of the particular process has been optimized to the current highest quality level. 
The adhesion of similar ceramic coatings, as well as in the first series, has previously been tested according 
to the EN ISO 4624 test and can reach maximum values up to 60 MPa [11]. The second series of steel plungers 
was provided with a phosphate conversion layer prior to plasma spraying. A high-density fine-grained zinc 
phosphate was chosen (the majority of the coating consists of Zn3(PO4)2 4 H2O). Phosphating was carried out 
in the Pragofos 1220 commercial bath with the recommended activation pre-wash. The steel was phosphated 
for 10 minutes in a bath at 60 °C. The reaction was accelerated by adding hydroxylammonium sulfate with a 
concentration of 1.5 g·l-1 [12]. The ceramic-coated steel plungers were then subjected to abrasive wear and 
corrosion resistance tests.  

3. RESULTS AND DISCUSSION 

Figure 1 is a picture of the original steel plunger with a corundum coating with a surface roughness of Ra = 
13.6 μm, Rq = 17.3 μm, Rz = 97.8 μm and its diamond tooling for the final dimension of the Hauhinco-type 
pump rod with a surface roughness in the range of Ra = 0.154 - 0.204 μm, Rq = 0.231 - 0.295 μm, Rz = 2.088 
- 2.424 μm. Sanding and polishing with a diamond tool was conducted so that the thickness of the ceramic 
layer on the steel was 1 mm (± 5 %). The thickness of the coatings was measured non-destructively by XRF 
analysis and in individual cases by a destructive metallographic method (see Figure 1). Since the abrasive 
and corrosion resistant properties of the output product were simultaneously monitored in this experiment, a 
more detailed characterization of the substances used is provided in Table 1 to provide a basis for a more 
accurate interpretation of the results for possible comparison with other materials. 

 a)   b) 

Figure 1 Plasma spraying of corundum on the 35x180 mm plunger and surface treated ceramic layer on a 
plunger from steel 11 420 (according to ČSN 42 0002) (a), destructive measurement of the thickness of the 

ceramic coating on steel (b) 
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Table 1 Characteristics of the used materials and methods 

XRF analysis PANanalytical AXIOS (Holl) Al Ca Fe Na Si Ti Zr Mn  

Chemical composition of corundum powder (%) 79.8 1.8 1.9 0.1 3.7 7.6 0.3 --  

Chemical analysis of steel 11 420   (%) 0.07 -- 97.5 0.2 0.4 -- -- 1.4  

Statistical means 

Arhitmetic mean diameter        51.69 μm 

Geometric mean diameter       48.28 μm 

Quadratic square diameter      54.66 μm 

Harmonic mean diameter        41.39 μm 

Average deviation                    14.25 μm  

Specific surface area      1449.5 cm2/cm3  

 

 

 

 

 

 

XRD starting Al2O3 powder and Al2O3 as-sprayed 
α - trigonal R ͞3c (cca 20 %);   γ - tetragonal  Fd 3̅m   δ - orthorhombic P ͞4m2      

 

Plasma spraying 
parameters 

Arc current 400 A; arc voltage 268 V; power output 107 kW; useable output 68 kW; low rate 
of the plasma media 0.272 g·s-1. Feeding distance FD = 100 mm, spraying distance  
SD = 300 mm 

 

The evaluation of the abrasive resistance of the original ceramic surface with initial roughness Ra = 13.6 μm 
and microhardness of 12.35 GPa (HV 30/100) and the surface after polishing with a diamond tool to a value 
of Ra = 0.154 μm was done using a simplified method - by monitoring weight loss via rotational wear, see 
Figure 2. 

A bar of sintered SiC type Rocar G or high-speed steel AISI M2 - 1.3343 with a pressure area of 1 cm2 was 
used as an abrasive pressing element. Radial velocity of the tested cylindrical sample was 50 rpm, pressure 
50 kg·cm-2, measuring time 15 min - 20 min, width of abrasive path 10 mm, grinding track 1000 m. The weight 
loss of the coating is measured from the volume of the abraded annulus, followed by weight conversion using 
a specific corundum weight of 3.9 g·cm-3. In the case of the use of pressure segments from steel with a 1 cm2 
friction area, the unpainted surface of the cylindrical plunger behaved like a rotating grinding tool. There was 
wear of the steel segment and, at the same time, sealing and smoothing of the surface irregularities of the 
ceramic plunger coating, which to some extent simulates the conditions of the plunger movement in the 
cylindrical metal housing of the pump. The process was terminated upon sealing and smoothing of the cylinder 
surface to a value of Ra of about 0.55 μm, see Figure 3. In the case of diamond plunger surfaces polished to 
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Ra = 0.154 μm - 0.204 μm, only ROCAR G silicon carbide with a friction area of 1 cm2 was used as the pressure 
segment. In this case, the ceramic layer was ground to a thickness of 0.04 ± 0.02 mm after 60 minutes at a 
rotation speed of 50 rpm and a grinding track length of 338 m.  

 

 

 

 

Figure 2 Measuring abrasion resistance to smoothing and sealing the plunger surface with steel abrasion 

For corrosion resistance testing, accelerated corrosion tests were carried out in concentrated hydrochloric acid 
(10% HCl, 2.78 mol·l-1), a similar determination of resistance to intergranular corrosion according to ČSN EN 
ISO 3651-1. It has been shown that corrosive attack of the underlying steel has a strongly localized character, 
see Figure 4. The localized emission of corrosion products is concentrated in defect areas of the hot-applied 
ceramic coating. Localized forms of corrosion damage induced by the low pH of the environment and the 
presence of Cl- ions were then quantified by measuring impedance spectra (EIS) at the locations captured in 
the photograph Figure 4. 

 a)  b) c)  
Figure 4 Example of a corrosion of the coated plunger a) after 24 hours in 10% HCl 

b) detail of the surface; c) measuring position of impedance spectra (EIS) 

The impedance spectra were measured in a solution of 0.85 g·dm-3 sodium sulfate after 1 hour of stabilizing 
the conditions. For measurements, 3 sites were selected on the sample surface, see Figure 4c. The 
impedance spectra were measured in a frequency range of 100 kHz - 10 mHz with a recording density of 5 
points per grequency decade and an amplitude of 20 mV for porous coating (position 1a, 3a and 3b) and 100 
mV for compact coating (position 2a, 1b and 2b). The reference electrode was a saturated silver-silverchloride 
electrode, and the counter-electrode was a platinum wire with an exposed area of 1.6 cm2. The coating at the 
position (2a, 1b and 2b) behaves almost as an ideal capacitor. It has a high impedance, and the phase shift 
throughout the entire frequency range is -90°. The othere positions (1a, 3a and 3b) already show the behavior 
of the porous coating where part of the base metal is exposed. The spectra were fitted with equivalent circuits 
and Table 2 summarizes the results (index a for original spraying, index b for the polished surface spraying). 
The resistance to charge transfer is higher in the middle position. The capacities of the electric double layers 
were recalculated (relative to the uncoated substrate) at the two extreme positions due to the porosity. Porosity 
at position 3a is higher than position 1a. These differences are obviously related to the plasma spray technique 
where the cylindrical substrate in the central portion is heated over a different time period than the edge portion 
of the substrate. 
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Table 2 Overview of results obtained by the EIS method 

position 1a 2a 3a 1b 2b 3b 

RCT (Ω·m2) 15.70 1.29 x 105 8.46 493 873 65 

V rel   (%) * 7.00 x 10-5 -- 1.69 x 10-3 -- -- 5.2 x 10-4 

* Relative surface of exposed substrate - Na2SO4 contact surface ratio and total area of RCT measurement 

The irregularity of these values, which depend mainly on the thickness of the ceramic coating and the number 
of macro-structural defects, shows that irregular macrostructural defects, which cannot be avoided during 
plasma or heat deposition, have a major influence on corrosion resistance. Therefore, in order to avoid 
corrosion of ceramic coatings, which should fulfill the primary abrasion resistance of the pieces in use in liquid, 
corrosive, and abrasive environments, the anti-corrosion protection step of the steel substrate was preceded 
by the usual anti-corrosion treatment, i.e. by phosphating [13]. The total corrosion resistance of the coatings 
was verified by measuring the open circuit potential (EOC) and the polarization resistance against the activated 
titanium electrode in a solution of 3 wt.% NaCl. The EOC value for the non-phosphated system dropped from -
840 mV/Ti to -860 mV/Ti during the 80 hour interval, whereas the zinc coating maintained an EOC value of -
730 ± 10 mV/Ti. Over the same time interval, the polarization resistance (Rp) for unphosphated samples was 
only 0.54 Ω·m2, while the polarization resistance of the combined corundum-zinc phosphate coating was 
maintained at 1.50 Ω·m2. These values apply to corundum coatings where mercury porosimetry has a porosity 
value of 5.9 %. 

3. CONCLUSIONS 

Plasma deposition of metallic, ceramic, or cermet coatings on metallic substrates can be considered 
technologically feasible [14]. The question, however, is what properties must such combinations of coatings 
and substrates meet. In the event of demand for high corrosion and abrasion resistance, not only the high 
hardness and adhesion of the coating, but also its macrostructure must be considered. All ceramic coatings 
prepared by thermal spraying are in principle porous, with frequent cracks or open porosity. Therefore, the 
thermal spraying method has been modified or applied to secondary corrosion-resistant coatings on 
phosphated steel [15]. The relatively low mechanical strength and low hardness of phosphate was thus 
mechanically covered by a much stronger and harder coating with a combined structure of aluminum oxides 
(R-3c, Fd-3m, P-4m2) with an average microhardness of 12.35 GPa. Here it must be noted that the maximum 
observed value of phosphate adhesion to the metal substrate is ˂ 10 MPa, but cracking and tearing occurs in 
the phosphate layer, with the contact residue of the thin layer of phosphate being bonded to the steel substrate 
by chemical bonding. 

Mechanical wear of such coatings with a silicon carbide abrasive (which in this case was a model example of 
the hardest abrasive in a normal price range) shows a low, and practically same, degree of wear for both types 
of coating, i.e. for the coating of aluminum oxides formed directly on the steel substrate or on the interlayer of 
the hopeite coating Zn-phosphate. Abrasive wear values of rotating parts are important only in specific 
application conditions. In this case, experiments were terminated after 60 minutes of test operation without 
any significant change in wear or attack of the structural substrate. 

The corrosion resistance is clearly dependent on the porosity of the ceramic coatings whose surface irregularity 
was clearly demonstrated by impedance tests (EIS). Corrosion-protected phosphate layer based on hopeite 
has a long-term mostly stable open circuit potential and a higher polarization resistance than for samples 
without a phosphate interlayer. Since there is no serial production of such plungers or similar metal products, 
the data obtained were not statistically significant. The variability of the wear and tear of the combined materials 
and the extension of their service life by special surface coatings is very great. 
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Abstract  

The paper presents the results of studies aimed at determination of corrosion resistance intermetallic phase 
matrix of FeAl alloy in a steam environment at 850 °C. The comparison of heat resistance of Fe40Al5Cr0,2TiB 
intermetallic alloy with heat-resistant steel with austenitic structure X25CrMnNiN25-9-7 was also presented at 
the article. After surface corrosion studies, the chemical composition of corrosion products was determined. 
The obtained results showed very good resistance of Fe40Al5CrTiB alloys to high temperature corrosion in 
steam environment compared to corrosion resistance of X25CrMnNiN25-9-7 steel. The results of research 
conducted in this field are the basis for further research. 

Keywords: Corrosion resistance, high-temperature corrosion, alloys intermetallic phase matrix FeAl 

1. INTRODUCTION 

The development of material engineering of heat-resistant materials is closely related to many areas of 
industry, and above all with the power engineering, aviation, engineering and automotive industries. However, 
the main consumer of steel and heat-resistant steel is thermal energy, and therefore its development depends 
to a large extent on the availability of materials and technologies available on the market, which allow to fulfil 
increasing requirements of quality. The requirements for steels designee for work at elevated temperatures far 
exceed the standard specifications used in structural calculations [1-4]. 

Basic heat-resistant materials, which have been used for many years, are metal alloys, including steel for 
working at elevated temperatures and also nickel and cobalt alloys. Based on the results of the carried out 
research, concerning the selection of materials and the relevant technological processes, it has been proved 
that on the matrix of iron, nickel and titanium with aluminium can be formed a new group of constructive alloys 
with a special mechanical properties and a stable structure at high temperature [2,3,5-7]. 

Alloys on the matrix of intermetallic phases are characterized by an orderly internal structure and properties 
which are the result of the existence of three types of bonds: metallic, ionic and covalent. The energy of binding 
two different atoms is greater than the bonds between the same elements in the alloy. This provides a 
structured solution. Thanks to these features, intermetallic alloys have special physical, chemical and 
mechanical properties [1,2]. FeAl intermetallic phases, containing from 36% to 51% aluminum atoms, have 
stable properties in a wide range of temperature. These phases also feature a low density of 5.5 g/cm3 and  
a high corrosion resistance compared to conventional construction materials, as well as resistance to 
aggressive environments, seawater, carburizing, sulfur action. Phases Fe-Al have also very good tribological 
properties at elevated temperatures. The discussed intermetallic phases are therefore a prospective structural 
material for use in such industries as automotive and energy [5-7,9,10]. 

2. MATERIALS AND EXPERIMENTAL PROCEDURE 

The tests were performed on Fe40Al5Cr0,2TiB intermetallic alloys after plastic processing, the chemical 
composition of which is shown in Table 1. Due to the fact that the material after the casting was characterized 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1201 

by brittleness and coarseness of the microstructure and heterogeneity of the chemical composition, heat 
treatment and plastic alloy processing were used. Homogenizing annealing was performed at 1050 ° C for 
72 h for to unify the chemical composition of the alloy. The next step was plastic molding by co-extrusion in 
the manner of patent No. 208310 [8]. The use of this method, in comparison to conventional extrusion, allows 
to obtain a plastically deformable material without cracks, thus improving the plastic properties of the alloy and 
the microstructure homogeneity and grain size. 

The reference material was a heat-resistant steel X25CrMnNiN25-9-7 with an austenitic structure, which has 
a working temperature of up to 1150 °C and therefore it is close to the permissible operating temperature of 
the Fe40Al5Cr0.2TiB intermetallic alloy. The chemical composition of steel is shown in Table 2. This material 
is mainly used for internal combustion engine valves. The test specimens were cut from 0.8 mm thick rolled 
sheet. 

The obtained materials were made of corrosion test samples in two variants: 

 samples with variable geometry cross section (wedge) of Fe40Al5Cr0,2TiB intermetallic alloy with 
dimensions: a = 10mm; B = 15mm; H = 0.4 mm (Figure 1); 

 rectangular shaped samples of Fe40Al5Cr0,2TiB intermetallic alloy and austenitic steel 
X25CrMnNiN25-9-7 with dimensions: a = 10mm; B = 12 mm; H = 0.4 mm (Figure 2). 

The prepared samples were subjected to oxidation in a water vapor atmosphere at 850 °C for 100 h. The 
experiment was carried out in a furnace designed to test for heat resistance in a steam environment. Surface 
analysis after corrosion was performed on an HITACHI S-4200 electron microscope equipped with an EDS 
(Energy Dispersive Spectroscopy) X-ray detector that determines the chemical composition of corrosion 
products. 

Table 1 Chemical composition of Fe40Al5Cr0,2TiB alloy 

Component Fe Al Cr Ti B 

Content [mass %] 69.47 24.53 5.80 0.19 0.01 

Content [atom %] 54.80 40.10 4.86 0.18 0.06 

Table 2 Chemical composition of X25CrMnNiN25-9-7 steel 

Component C Cr Mn Ni N Si S P 

Content [mass %] 0.2-0.3 24-26 8-10 6-8 0.2-0.4 <1 <0.015 <0.045 

3. RESULTS 

Visual studies were conducted on samples after corrosive tests in a steam environment at 850 °C for 100h. 
The samples are shown in Figure 3. It has been established that samples made of Fe40Al5Cr0,2TiB 
intermetallic alloy have a homogeneous colour of surface while a sample made of X25CrMnNiN25-9-7 steel 
has surface with of different colour. This variation consists of the presence of a brighter area in the form of a 
"border" at the outer edge of the sample (Figure 3, sample 3). 

The tests of surface condition have shown that the material after the heat-resistant test for both the cuboid and 
the wedge-shaped sample is covered with a heterogeneous (non-continuous) oxide layer. The high content of 
aluminium in the test material makes easier to form of a thin, passive layer of Al2O3 oxides, which form a 
hermetic, high melting layer to prevent further corrosion of the material [8]. The conducted X-ray EDS 
microanalysis of the chemical composition showed on the sample 1 surface (the wedge-shaped) presence of 
scale as Al2O3 oxides. However this surface varies, depending on the thickness of the tested sample. 
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Numerous sections of the oxide layer are visible at points 1 to 4, which increase as a result of continuous 
diffusion of aluminium to the surface of the sample. The loss of aluminium contained in the intermetallic alloy 
increases with the reduction of the sample thickness. Reducing the aluminium concentration in the alloy (as a 
result of its oxidation) results in an internal diffusion phenomenon, which may result in cavities under the scale 
[9]. The surface of No. 2 sample is homogeneously covered with a passive layer. For No. sample (made of 
austenitic steel X25CrMnNiN25-9-7), material was subjected to a corrosion test in a steam environment at 
850 °C and this material does not show heat resistance properties comparable to the heat-resistant 
Fe40Al5Cr0.2TiB intermetallic alloy. Fe40Al5Cr0,2TiB. 

On the surface of No. 3 sample (made of austenitic steel X25CrMnNiN25-9) a corrosive layer was found and 
numerous cracks, resulting in degradation of the material was observed. Determination of approximate 
aluminium content in the Fe40Al5Cr0.2TiB alloy was made by using the EDS method. The oxygen content 
was only approximate due to the used analytical method. The structure and growth mechanism of the 
protective scale Al2O3 on heat-resistant alloys depends of the type of metal in the matrix. Alloys on the FeAl 
intermetallic phase throughout the entire temperature range remain single phase. For this reason, the Al2O3 
layer develops over the whole of their surface at the time of contact of the hot metallic phase with oxygen, 
regardless of the temperature [9]. Under of the scale surface, during the oxidation of the intermetallic 
Fe40Al5Cr0.2TiB alloy, concentration gradients and cavities are formed. It can be seen on the bare (empty) 
FeAl surface in the Al2O3 oxide crushing areas (Figure 7). The formation of indentations is the result of the 
consumption of aluminium and its loss in FeAl. Gradient concentration of aluminium and its diffusion outside 
causes the reverse gradient of iron concentration and the occurrence of internal iron flow. Gradient 
concentrations are most pronounced after a short time of oxidation [9]. 

 

Figure 1 Diagram of a wedge-shaped test sample No. 1 Fe40Al5Cr0,2TiB alloy 

 

Figure 2 Diagram of test samples No. 2 and 3 from Fe40Al5Cr0,2TiB intermetallic alloy  
and X25CrMnNiN25-9-7 austenitic steel  
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Figure 3 View of samples subjected to corrosion: 1-cross-section of wedge-shaped alloy of the FeAl 
intermetallic phase, 2-cross section in the shape of a rectangle of alloy on the FeAl alloy phase, 3- cross section 

of X25CrMnNiN25-9-7 steel 

 

Figure 4 Surface state of the sample surface at wedge of the Fe40Al5Cr0,2TiB intermetallic alloy after  
corrosion test in steps 1, 3 and 6 

 

Figure 5 Surface condition of rectangular sample from Fe40Al5Cr0,2TiB intermetallic alloy after  
corrosion test in 1, 2 and 3 
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Figure 6 Surface condition of the rectangular sample fromX25CrMnNiN25-9-7 steel after  

corrosion tests 

        

 
% mas.   O  Al  Cr  Fe 

1 16.70S   18.78    4.46   60.07 

2 46.27S   52.02     1.71 

3 19.12S   21.50    4.00   55.38 

 %at.   O  Al  Cr  Fe 

1   35.98   23.99    2.95   37.07 

2   59.62   39.75     0.63 

3   39.05   26.03    2.51   32.40 

Figure 7 X-ray microanalysis of chemical composition of sample no. 1 from Fe40Al5Cr0,2TiB intermetallic 
alloy with variable geometry of section after corrosion tests at 6 point 
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Figure 8 X-ray microanalysis of chemical composition of specimen 1 of X25CrMnNiN25-9-7 steel 

4. CONLUSION 

Analysis of Fe40Al5Cr0,2TiB intermetallic alloy and X25CrMnNiN25-9-7 steels in a steam environment  
(850 ° C), based on the presented studies, has shown that the alloy resistance of FeAlAl3Cr02TiB intermetallic 
alloy is higher than that of the tested steel. Evidence of this is the analysis of the surface condition and the 
corrosion products produced on the tested materials. Analysis of literature data, in particular the corrosion 
kinetics of alloys from the Fe-Al system, proves that alloys of this system exhibit very good corrosion resistance 
at high temperatures, far exceeding the heat resistance of structural steels. However, obtaining the full 
characterization of Fe40Al5Cr0,2TiB intermetallic alloy resistance in a steam environment requires further 
research into the speed of corrosion processes, the morphology of corrosion products and the mechanism of 
passive layers formation.  

Therefore, the results of the obtained studies show that the investigated material on the FeAl alloy has a higher 
corrosion resistance than the corrosion resistance of austenitic steel of X25CrMnNiN25-9-7 structure, this 
justifies the need for further investigation in this regard. One of the basic determinants of the very good heat 
resistance of FeAl alloys is the formation of a passive Al2O3 layer in the air at high temperature. The heat-
resistance studies conducted in the steam environment showed the similarity of passive layers of corrosion 
products as in air. Also analysis of the surface state in terms of the morphology of the formed Al2O3 oxides 
showed similarity to the oxide layers formed in other corrosive environments, however, the determination of 
the corrosion rate of corrosion products in the FeAl alloy in the steam environment requires analysis of the 
diffusion processes in both corrosion products and in the native material. Considering the potential use of FeAl 
alloys, it is important to note that the working temperature of the materials exposed to the corrosive 
environment with water vapour usually does not exceed 800-850 ° C. For this reason, high temperatures of 
Al2O3 oxides in corrosion products should not be expected.  

% mas.   O  Si  Cr  Mn  Fe 

1 22.78S    5.78   10.61   38.79   22.04 

2   28.88      71.12 

%  at.   O  Si  Cr  Mn  Fe 

1   48.52    7.01    6.95   24.06   13.45 

2   58.63      41.37 
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Abstract 

The article deals with the evaluation of the functional surfaces of the ball valve body, which are different from 
other parts of the ball valve. First is the requirement of decreased roughness of the machined surface of the 
catch surfaces and areas where it will be used a special sealing element, and also in dimensional tolerances 
and, ultimately, the position tolerances as coaxiality, parallelism and perpendicularity. 

Keywords: Surface roughness, position tolerances, machining, ball valve 

1. INTRODUCTION 

The cryogenic ball valve is a special shut-off valve operating at very low temperatures. From standard valves, 
it is distinguished by a number of details, both in the machining process, the sealing system used and the input 
semi-finished product from which it is made. It is only used to fully open or close the flowing media, not to allow 
throttling. Such fittings are installed in pipelines where the working substance is in the range of negative 
temperatures from -42 ° C to -273 ° C. They are designed for non-aggressive and aggressive liquids and gases 
without mechanical impurities. 

The term cryogenic armature is used for devices that carry working materials that are gaseous at room 
temperature around 20 ° C but condense to a liquid at certain minus temperatures. The temperature limit of 
cryogenic fittings is the boiling point of propane, ie -42 ° C. In the cryogenic armature, when coupled to the 
higher temperature substance, vapors are formed, thereby increasing the volume and increasing the pressure. 

 
Figure 1 Cut ball valve with marked structural units 

1st area - extension / body; 2nd area - saddle / lid; 3rd area - lid / body; 4th region - lower pin / body 

Therefore safety is very important during fitting construction. Production as such can be called standard 
production, but requirements for increased precision, geometric accuracy and surface roughness are required 
in the design documentation. In the drawing documentation is required parameter Ra = 0.1 to 0.2 μm (Ra is 
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the arithmetical mean deviation of the assessed profile). A special Omni-Seal sealant that resists these low 
temperatures will be used here. This seal can be used provided that, in addition to very good machining of the 
bearing surfaces, high dimensional accuracy has to be ensured. The tolerances of the sealing diameters are 
determined according to the manufacturer's recommendations. Areas where the drawing documentation 
prescribes parameter Ra = 0.1 to 0.2 μm are shown in Figure 1. 

2. FINISHING METHODS APPLICABLE TO CRYOGENIC BALL VALVES MACHINING 

It can be reached with the use finishing machining parameter Ra = 0.4 to 0.8 μm and tolerance IT 4 to 6. This 
parameters can be reached by cubic boron nitride, ceramics or diamond cutting tools during high cutting 
speeds. The following finishing options can be proposed. 

Variants using the existing machinery (machine tools) of the company: 

1) Original solution - Polishing on the existing 5-axis Hermle C60 or the SP430 CNC. 
2) Polishing on an existing machine where was used prefinishing operation (Hermle C60, SP430 CNC). 
3) Polishing using an auxiliary device on a carousel lathe. 
4) An additional superfinishing device on SP430 CNC lathe. 

Variants without material removal: 

5) Diamond-tip polishing tool on SP430 CNC lathe / or 5-axis Hermle C60 milling center. 
6) A diamond tip polishing tool on another machine tool. 

Variants with the use a new machine tool: 

7) Round grinding + polishing - new machine tool. 
8) Superfinishing - new machine tool. 

With regard to specifications and requirements, it was decided to deal with the variant without material removal. 
In proposed technology was used a polishing tool with a diamond tip. For lubrication can be used cutting oil or 
emulsions. The tool can be used for internal and external diameters. The head can be tilt to the different angles 
for different surface possibilities to cut (flat surfaces, different shapes or cones). The technology is applicable 
after turning operations, ie on surfaces without grinding, which is also a prerequisite. The tool consists of a 
diamond tip and spring (supplied in several designs according to hardness). It is necessary to choose a suitable 
spring hardness. Two tool paths (cuts) are expected for this proposed technology [1]. 

    
 Figure 2 External reaming tool with diamond tip         Figure 3 Internal reaming tool with diamond tip [2] 
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3. MEASURING OF PARAMETERS 

Measurement of geometric deviations and surface roughness was performed on the prototype body, see 
Figure 4. It was a cryogenic ball valve DN100. 

 
Figure 4 A preview of the cryogenic ball valve DN 100 

3.1. Surface Roughness 

Figure 5 shows areas where roughness parameters were measured. The parameters Ra, Rz and RSm were 
measured during the surface roughness measurement (according to ČSN EN ISO 4287). 

 
Figure 5 Designation of surfaces with low Ra parameters requirement 

Measurement analysis was determined with a standard uncertainty of type A (uA), a standard uncertainty of 
type B (uB) and a combined standard uncertainty (uC) which is a positive square root of the sum of quadrates 
of standard uncertainties uA and uB [3], [4]. Furthermore, an expanded uncertainty U was determined, which 
is a multiple of the combined uncertainty uC. The results of the measured surface roughness parameters are 
given with the expression of the expanded combined uncertainty Uc.  
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Table 1 Cover position - Average values including uncertainty  

  Cover 
Position 

Note  Rz ± Uc Ra ± Uc RSm ± Uc 

[µm] [µm] [µm] 

1 Side 2  λc=0.8 µm 1.60 ± 0.48 0.16 ± 0.05 22.83 ± 21.95 

2 Side 1  λc=0.8 µm 1.32 ± 0.20 0.18 ± 0.02 125.37 ± 21.92 

Variance of Values [μm] 0.28 
  

0.02 
  

102.53 
  

Table 2 Pin position - Average values including uncertainty 

  Pin 
Position 

Note Rz ± Uc Ra ± Uc RSm ± Uc 

[µm] [µm] [µm] 

1 Side 2  λc=0.8 µm 0.98 ± 0.12 0.10 ± 0.01 119.87 ± 33.52 

2 Side 1  λc=0.8 µm 2.68 ± 0.13 0.13 ± 0.01 89.42 ± 13.74 

Variance of Values [μm] 1.7 
  

0.03 
  

30.45 
  

The measurement results are shown in Table 1 and Table 2. The resulting values, shown in the tables, 
confirms proposed variant for finishing. This variant is suitable for compliance a requirements of the technical 
documentation. Values are within the specified range of parameter Ra. 

3.2. Geometrical Tolerances 

Prototype body (see Figure 6) tolerance deviations were measured: orientation (perpendicularity, parallelism) 
and position (alignment) (see Figure 7). It was measured on the Wenzel LH65 X3M Premium coordinate 
measuring machine, see Figure 8. Machine accuracy is MPEe = 1.6 + (L / 350) μm, MPEp = 1.6 μm, MPEthp 
= 2.2 μm [4]. Measurements were made during temperature 20 ° C ± 0.5 ° C and it was used motorized 
indexable head PH10M, scanning probe: SP25, module SM25-1, touching ø D = 5 mm for L = 50mm. All 
geometric tolerances, according to the drawing, were measured under the same conditions. 

      
Figure 6 Measured prototype body                     Figure 7 Geometrical Tolerances of the body 
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Figure 8 Wenzel LH65 X3M Premium coordinate measuring machine 

Coaxiality   

The coaxiality measurement was checked according to the drawing documentation, which is in Figure 8. It 
was measured at the WENZEL LH65 X3M Premium Coordinate Machine. Co-ordination to base A and base 
C was assessed, where the packaging elements (cylinders) were measured by the MCCI (minimum 
circumscribed circle) method for assessing the outer surfaces. The tolerance value is max. 0.05 mm, for both 
cases. Both diameters were metered in three sections, for large diameters with 180 points and for small 
diameters with 96 points. Measured results for alignment are recorded in Table 3. 

Table 3 Table of Measured Values for Coaxiality 

Coaxiality Tolerance [mm] Deviation [mm] Deviation [%] Graphical 

Base „A“, Side 2 0.05 0.019 39  

Base „C“, Side 1 0.05 0.041 82  

Perpendicularity  

The perpendicularity measurement was performed on the CMM under the same conditions. The faces from 
the component front were evaluated from the left and right sides of the component. The assessed areas were 
scanned with a score of 36 points and evaluated to the base "B" (line to plane) as shown in Figure 8. The 
measured perpendicular results are recorded in Table 4. 

Table 4 Table of Measured Values for Perpendicularity 

Perpendicularity Tolerance [mm] Deviation [mm] Deviation [%] Graphical 

Base „B“, Side 2 0.05 0.075 150  

Base „B“, Side 1 0.05 0.076 152  

Parallelism    

The measurement was performed on the CMM under the same conditions as in the previous cases. The 
surfaces from both sides of the component were scanned with 12 points, and the deviation of the parallelism 
was evaluated to base "B". The measured results are recorded in Table 5. 
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Table 5 Table of Measured Values for Parallelism 

Parallelism Tolerance [mm] Deviation [mm] Deviation [%] Graphical 

Base „B“, Side 1 0.05 0.015 30  

Base „B“, Side 2 0.05 0.007 13  

4. CONCLUSIONS 

The analyzed surfaces show a large variance of measured surface roughness parameters. The range of values 
is determined as the difference between the maximum and minimum values of a given roughness parameter. 
High scattering points to flawed or unstable process conditions for the production of the component. 

For the following investigations, it is appropriate to analyze other roughness parameters such as 
Rp and Rv, which talk about the height of the projections and the depth of the recesses, and other parameters 
of Rk and Rsk, which refer to the spikes and obliquities of the given surface and which account for the nature 
of the bearing surface. Multiple parameter evaluation of the surface has a higher predictive value for surface 
functionality [3]. 

A very important aspect is the tracking of the roughness of pre-finished surfaces after turning. It is important 
to concentrate on achieving and ensuring repeatable roughness of the surface after this before completion 
(below Ra = 1 μm). This enables the final designed operation to provide suitable and uniform input conditions 
to complete the given surfaces to a desired roughness of Ra = 0.1 to 0.2 μm. 

The evaluation of geometric deviations: coaxiality, perpendicularity and parallelism showed that the alignment 
for base "A" and base "C" are within tolerance, perpendicularity for base "B" are not within tolerance and 
parallelism for base "B" It appears that the error occurred in the production technology, which affects the 
accuracy of the manufactured component [5], [6], [7], [8], [9]. The resulting values are shown in Table 3 to 
Table 5. 
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HIGH TEMPERATURE HOT CORROSION BEHAVIOR OF TiMOCN-29%Ni AND Cr3C2-25% 
NiCr COATING ON STAINLESS STEEL IN AN AGGRESSIVE ENVIRONMENT 

ČESÁNEK Zdeněk1, SCHUBERT Jan1  

1VZÚ Plzeň - Research and testing institute Plzeň, Pilsen, Czech Republic, EU  

Abstract   

The demand for coatings that can protect the base material from the influence of high temperature corrosion 
is nowadays increasing. For this reason, new coatings with potential to succeed in aggressive environments 
of energy, marine, food, etc. industries are being developed. TiMoCN-29% Ni (experimental coating) and 
Cr3C2-25% NiCr coatings were applied to the substrate material 1.4923 (P91) which is used as an effective 
material for structural components in power equipment. Evaluated coatings were deposited using optimized 
parameters of HP/HVOF (High Pressure / High Velocity Oxygen Fuel) thermal spraying technology. 
Resistance study of selected thermally sprayed coatings against high temperature corrosion was conducted 
in the corrosive environment of 60% V2O5 and 40% Na2SO4 at the temperature of 750 °C and in the 
environment of 59% Na2SO4, 34.5% KCl and 6.5% NaCl at temperatures of 525 °C and 575 °C. After the 
corrosion tests, the evaluated coatings were analyzed using optical and scanning electron microscopy (SEM) 
and subsequently the elemental composition (EDX) of each coating was conducted. Based on the results 
achieved, the experimental TiMoCN-29% Ni coating by the Japanese company Fujimi was further evaluated 
using X-ray diffraction. The obtained results prove that not all coatings deposited using HP/HVOF thermal 
spraying technology can be used as an appropriate protection for functional component surfaces. 

Keywords: HP/HVOF, corrosion resistance, hot corrosion 

1. INTRODUCTION 

The majority of research projects is nowadays focused on standard parameters evaluated by "as sprayed" 
coatings and also on monitoring of their other physical and physical-mechanical properties, their dependence 
on temperature, corrosive environments, modes and conditions (like composition of furnace atmosphere etc.) 
[1]. Corrosion in the presence of molten salts is called high temperature corrosion. The high temperature 
corrosion process involves the deposition of salts on material surface. At operating temperatures, certain salts 
are in liquid state or form complex salt mixtures in the presence of gases containing sulfur. These salt mixtures 
melt at much lower temperatures than the individual compounds alone. Material attack introduced by salts 
formed at the surface must not be always caused by impurities in coal or oil, but takes place in every 
environment where the penetration of salts to the material surface occurs, e.g. in the marine industry [2]. 

Several different measures are used in order to deal with high temperature corrosion. However, the majority 
of them prevents or limits the high temperature corrosion only partially and temporarily. For this reason, the 
application of protective coatings appears to be the most efficient and economical solution. On the other hand, 
not every protective coating is suitable for every type of environment, and therefore it is very important to 
identify which coatings provide desirable protection in a particular environment. All information was gain in the 
literature [3], [4], [5] and [6].  

2. EXPERIMENTAL PROCEDURE 

This paper describes high temperature corrosion test based on the influence of corrosive-aggressive salt 
mixture at 750 °C. The test procedure was as follows. The specimens were firstly polished to the surface 
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roughness of Ramax = 1 µm, then rinsed with alcohol and heated in an oven at 250 °C. Heating is necessary 
for proper adhesion of the salt layer. For proper simulation of conditions and result comparison, there was 
chosen salt mixture in proportion of 40% Na2SO4 and 60% V2O5, which is a eutectic with low melting point of 
550 °C. This salt mixture was mixed with alcohol and applied to the surface of evaluated specimens in the 
amount of (3-5) g/cm2. This step was followed by drying of applied mixture for 3 h in an oven at 100 °C. Before 
testing in furnace, the specimens were weighed and the weight was subsequently measured after each cycle. 
In order to compare the results easily, the number of cycles was set on 50. Each cycle consisted of one hour 
in the furnace composed of silicon carbide and the subsequent cooling for 20 minutes at room temperature. 
The test was performed on the coated specimens and steel P91 was used as a base material. 

The second high temperature corrosion test was based on the application of certain amount of salt mixture 
with composition of 59% Na2SO4, 34.5% KCl and 6.5% NaCl on the surface of evaluated coatings. The 
prepared specimens were placed on a ceramic plate in the autoclave. The autoclave had an environment with 
30% humidity maintained throughout the test period using a device for humidity generation. Two 
measurements were performed, each with interval of 168 hours. Moreover, beside different temperatures, all 
test parameters were identical. The temperature of the first measurement was 525 °C and of the second  
575 °C. The specimens were then removed from the autoclave and cold poured using Dentacryl. This 
procedure prevents from the loss of corrosion products formed at specimen surface during corrosion test. The 
specimens were afterwards cut and again poured in order to conduct metallographic observation in cross-
section. Metallographic evaluation was completed using scanning electron microscope. The exposed 
specimens were further evaluated using elemental composition change. This evaluation was performed using 
EDX elemental analysis. Finally, all results were analyzed in terms of coating suitability for testing environment. 

3. RESULTS AND DISCUSSION 

Weight gain graph for both evaluated coatings in Figure 1 shows how the evaluated coatings behave in the 
aggressive environment with high temperature corrosion. TiMoCN-29%Ni coating was completely damaged in 
the eleventh cycle, and therefore no other results are reported. Carbide coating Cr3C2-25%NiCr showed much 
better resistance to high temperature corrosion in the chosen environment. Based on these results, the carbide 
coating Cr3C2-25%NiCr is more suitable for chosen corrosive environment. These results are also consistent 
with other experiments performed under the same conditions. Furthermore, SEM photographs and tables with 
elemental composition using EDX analysis are included. 

 

Figure 1 Weight gain/area vs. number of cycles plot for bare and HVOF sprayed P91 steel subjected to 
molten salt environment (Na2SO4 - 60% V2O5) for 50 cycles at 750 °C 
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Figure 2 shows the microstructure of Cr3C2-25NiCr coating in cross-section after the exposure to corrosive 
environment. The photograph apparently shows the mechanism of corrosion damage and proves the 
disruption of coating from the surface. There was formed an oxide layer which was further degraded by molten 
salts. For this reason, the coating lost its protective oxide layer and consequently broke progressively from the 
surface. 

Figure 3 shows the microstructure of TiMoCN-29% Ni in cross-section after the exposure to corrosive 
environment. The photograph presents the mechanism of corrosion damage and shows total destruction of 
coating, probably caused by high temperature. New phases and oxides with higher volume were most probably 
created and this change destroyed the coating. Based on the obtained results, this coating is not suitable for 
high temperature applications. 

 

Figure 2 Cr3C2-25%NiCr coating after the exposure to corrosive environment of molten salts Na2SO4 - 60% 
V2O5 after 50 cycles at 750 °C 

 

Figure 3 TiMoCN-29%Ni coating after the exposure to corrosive environment of molten salts Na2SO4 - 60% 
V2O5 after 50 cycles at 750 °C 

Cr3C2-25% NiCr carbide coating exhibited relatively good anti-corrosion properties during the second test of 
high temperature corrosion at the exposure temperature of 525 °C, evident from Figure 4. However, at the 
exposure temperature of 575 °C, the coating exhibited very rapid reduction in thickness, meaning significant 
degradation. The corrosion attacked matrix and individual carbides delaminated from the coating surface. It is 
very interesting that the corrosion attack is not so significant at the exposure temperature of 525 °C in 
comparison with 575 °C, however, the temperature increase is only 50 °C; see Figure 4 and Figure 5. No 
evaluations have been made yet to clarify this coating behavior. For this reason, it would be appropriate to 
continue in this research. 
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Figure 4 Cr3C2-25% NiCr coating left before the exposure, in the middle after the exposure at 525 °C and 

right at 575 °C 

  
Figure 5 Cr3C2-25% NiCr coating after the exposure at 575 °C 

   
Figure 6 TiMoCN-29% Ni coating left before the exposure, in the middle after the exposure at 525 °C and 

right at 575 °C 

  
Figure 7 TiMoCN-29%Ni coating after the exposure at 525 °C 

Salt crystal with Cr oxides 

Salt mixture (salt build up) 
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Figure 8 TiMoCN-29%Ni coating after the exposure at 575 °C 

The second evaluated coating was experimental coating TiMoCN-29% Ni. The evaluation of high temperature 
corrosion proved that this coating is absolutely unsuitable for high temperatures. This conclusion is based on 
the results on Figure 6, Figure 7 and Figure 8. The results show that higher temperatures lead to total coating 
destruction which is most probably caused by the formation of new phases between splats. In this case, the 
formation of Mo and Ni phases with larger volume resulted in the increase of internal stresses and consequent 
relaxation in form of coating delaminating. This phenomenon was observed at both selected exposure 
temperature. The coating evaluation using diffraction phase analysis was performed after the corrosion tests. 

4. CONCLUSION 

 Based on the conducted experiments, suitably selected coatings deposited using HVOF thermal 
spraying technology can work as a successful protection of functional surfaces which operate at high 
temperatures in corrosive-aggressive environment. 

 It was proven that the ability of coating to protect the substrate material decreases with increasing 
environment temperature. 

 The first high temperature corrosion test showed that TiMoCN-29% Ni coating is not suitable for high 
temperature applications in this type of corrosive environment. This result was confirmed also after the 
second high temperature corrosion test. 

 The corrosion mechanism involving the degradation of matrix and subsequent release of carbides from 
the coating surface was observed by Cr3C2-25% NiCr coating. It was found that this type of degradation 
by carbide coatings is strongly dependent on the exposure temperature. The obtained results clearly 
prove that with a small increase of temperature by 50 °C the degradation corrosion rate of this coating 
dramatically increases. 

 Cr3C2-25% NiCr coating exhibited improved protection against high temperature corrosion in 
comparison with TiMoCN-29% Ni coating. 

 It was found that the experimental coating TiMoCN-29% Ni is totally unsuitable in applications to protect 
functional surfaces of components which are subject to high temperature corrosion. 
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Abstract 

The paper describes processes of edge deburring and surface polishing with ceramic tools based on 
aluminium oxide. It presents the construction of basic types of tools and their practical industrial applications, 
and evaluates the influence of machining parameters on surface roughness. 

Keywords: Cutting tools; brush ceramic tools; deburring 

1. PROCESS AND TOOL CHARACTERISTICS 

In most cases, machining of metal objects requires their proper finishing. For this purpose, different 
technologies are used, such as deburring and chamfering, which need expensive individual specialized 
machines. The solution to this problem is to do final machining on the same machine tool (e.g. a CNC machine 
tool) on which the operation was done. For that, rotating tools with sets of fibres made of steel, nylon, 
polypropylene or ceramic material, which is a relatively novel material for such tools, may be used. Surface 
brushing removes not only fat, dust and other dirt, but also all absorbed compounds and layers of non-metallic 
type: oxides, sulphides and other corrosion products [1,2]. Examples of use of steel fibres tools are presented 
in Figure 1. 

 
Figure 1 Examples of use of a brush-type tool with steel fibres: a) machining of a weld,  

b) deburring of gear face [2] 

A serious drawback of steel or polymer tools is permanent deformation of fibres, which causes low quality of 
machined surfaces and results in low tool durability. A viable alternative are rotating tools consisting of bunches 
of ceramic fibres or compact hard blocks of tools of the grinding wheel type (Figure 2). The exact composition 
of the ceramic material is the know-how of their manufacturers, but the main component is aluminium oxide, 
Al2O3. A single fibre consists of about 1000 microfibres of the diameter of a few micrometers (Figure 3). The 
face of every microfibre works as a cutting edge with self-sharpening properties, able to endure a temperature 
up to 150 °C. The basic properties of ceramic fibres are: high durability, effacement resistance and lack of 
axial deformation. Contemporarily used brush tools dedicated for, e.g. barb removal, which are made of steel 
or nylon fibres, typically lose their shape quickly, which leads to a loss of machining capabilities. Ceramic tools 
may be used to improve the surface condition before coating, for surface honing and roughness 
improvement, for brushing and deburring of formed parts, barb removal after laser cutting, brushing of 
sintered workpieces, car rims, microfinish machining, edge filleting, surface satinating and cleaning, 
decorative grinding, scum removal, ferrule final machining, steel sheet workpieces after press forging, 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1221 

electro-hollowing, cut out, decorative battens and many others. Like in other machining processes, energy 
required for machining is delivered in a mechanical way [3-14], so its amount may be easily determined. 

 
Figure 2 Basic types of ceramic rotating tools: a) brush-type tool made of bunches of ceramic fibres, b) tool 

of the grinding wheel type made of compact hard blocks, c) paintbrush-type tool made of bunches of ceramic 
fibres 

 
Figure 3 a) view of a single fibre, b) structure of ceramic fibre, c) bunch of fibres, d) full face view of a tool 

In terms of the mechanisation level, ceramic tools are divided into: 

 tools for mechanical machining (machine tools, robots, and other numerically controlled machines, 
and also conventional machine tools and special or dedicated ones),  

 tools for manual treatment. 

In terms of their purpose, tools may be divided into: 

 tools for external surfaces (planes and cylindrical surfaces), 
 tools for internal surfaces (including crossing holes). 
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Another division - based on construction properties - groups bolt tools in three sets: 

 brush-type tools, 
 paintbrush-type tools, 
 tools of the grinding wheel type. 

Individual tools are marked with different fibre colours (Figure 4). For example, blue tools used for final 
machining of workpieces made of very hard metals have respectively thicker fibres than pink brushes, which 
may be used for polymer workpieces machining. Figure 4 presents the colours used for tool marking 
depending on the machined material (vertical axis) and type of machining (horizontal axis).  

 
Figure 4 Colour markings according to tool purpose 

To compensate for the workpiece dimension change along the axis of the brush-type tool and to obtain 
constant press force on the machined surface, a special toolholder with a spring mechanism is used. Thanks 
to this, tool durability, homogeneity of the obtained roughness and quality of the machined surface texture are 
increased. A pot brush has fibres located in the range of two circles Dmax and Dmin (Figure 5), and this results 
in a slightly different texture of the machined surface in the central belt determined by Dmin and two edge belts 
implied by peripheral circles of fibre location (Dmax). The brush is a flexible tool (not a stiff monolith); it consists 
of many fibres the motion of which is not identical for each fibre, and the cutting speed on the external diameter 
(Dmax) is larger than on the internal diameter (Dmin). A bigger centrifugal force acts on fibres located closer to 
the external brush diameter Dmax than on the fibres located closer to the axis of rotation, which causes their 
gaping. In consequence, fibres located closer to the centre go deeper into the machined material than those 
located externally (they act on the surface with a bigger force than the external fibres located far from the axis 
of rotation - Figure 6). That is because fibres under a bigger centrifugal force divert more in relation to their 
initial position (while spindle rotation is off). 

  

Figure 5 Cutting velocities: vc1 and vc2 for Dmin 
and Dmax brush diameters, respectively  

Figure 6 Fibre gaping phenomenon under the 
influence of centrifugal force; h - difference of real 

material plunge depths for peripheral fibres  
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2. EXAMPLES OF USE OF CERAMIC TOOLS  

In Figure 7, a typical use of a pot-brush type ceramic tool is presented for deburring, barb removal or surface 
polishing. The surface presented on the left is before machining, the one on the right - after machining. Positive 
results of deburring and roughness improvement are clearly visible. In the authors’ opinion, this type of 
machining is strongly recommended for gear face deburring replacing the painful process of milling.  

 

Figure 7 Example of machining results for tools of the ceramic brush type: a) tool steel spherical surface 
machining, b) plane and gash edge machining  

3. INFLUENCE OF MACHINING PARAMETERS ON MACHINED SURFACE ROUGHNESS 

The tables below present results of tests used for evaluation of the influence of cutting parameters on 
machined surface roughness Ra. The basic technological parameters were changed: revolution speed, cutting 
depth and feedrate. The best result Ra=0.354 µm was obtained for rev speed of 4000 rpm, cutting depth 
0.5mm and the smallest feedrate 600 mm/min (Table 1). In case of tool passes, the best result was obtained 
in the third pass despite two times bigger feedrate value (1200 mm/min) in relation to earlier tests (Table 2). 
Summarizing: of the three technological parameters, feedrate has the biggest influence on roughness 
improvement. The number of passes is even more significant, but it is connected with an increase of total 
machining time. 

Table 1 Influence of machining parameters on machined surface roughness (material: aluminium A5052,  
             raw machining: face milling, cutting tool used: A11-CB40M) 

Process 
parameters 

Rev speed 
[min-1] 

Cutting depth 
[mm] 

Feedrate 
[mm/min] 

Ra before 
[µm] 

Ra after 
[µm] 

Case 1 4000 0.5 1200 0.880 0.436 

Case 2 5000 0.5 1200 0.875 0.424 

Case 3 4000 1.0 1200 0.864 0.415 

Case 3 4000 0.5 600 0.921 0.354 
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Table 2 Influence of the number of tool passes on machined surface roughness (T1-test 1, T2-test 2, source 

 Rev speed 
[min-1] 

Cutting depth 
[mm] 

Feedrate 
[mm/min] 

N of 
pass 

Cycle 
time 
[min] 

Ra 
before 
[µm] 

Ra after [µm] 

Pass 1 Pass 2 Pass 3 

T1 4000 0.5 600 1 1 0.921 0.354 - - 

4000 0.5 1200 2 1 0.901 0.459 0.325 - 

T2 4000 0.5 400 1 1 0.918 0.327 - - 

4000 0.5 1200 3 1 0.894 0.467 0.324 0.226 

4. OWN RESEARCH 

The results of research on the influence of cutting parameters on roughness of machined surfaces for 
machining three different materials (Inconel, steel and aluminium) with brush-type tools are presented below. 
This is introductory research without prior experiment planning. Full research is planned as part of a doctoral 
dissertation at Warsaw University of Technology. 

4.1. Inconel 718 machining 
Tools marked with white or blue are dedicated for Inconel machining (Figure 5). The tests were done for 
g=0.6mm (brush plunge depth in relation to tool workpiece contact surface), brush diameter D=16mm, cutting 
length s=150mm, sample surface prepared with face mill cutter Ra=0.5 µm. 

Test I:  (blue brush): n=3650 rpm, vf=2000 mm/min, three tool passes used gave consecutively Ra1=0.46  
                µm, Ra2=0.44 µm, Ra3=0.43 µm, 
Test II:  (blue brush): n=3650 rpm, vf=1000 mm/min, one pass, Ra=0.39 µm, 
Test III:  (blue brush): n=3650 rpm, vf=250 mm/min, one pass, Ra=0.29 µm. The value of shortening (wear  
                out) of brush after 3 tests was 0.015 mm, 
Test IV:  (white brush): n=3650 rpm, vf=1000 mm/min, one pass, Ra=0.43 µm, 
Test V:  (white brush): n=3650 rpm, vf=250 mm/min, one pass, Ra=0.49 µm. 

4.2. Non-alloy steel machining 

For machining of E295 steel, a white brush was used. The tests were done for a brush with the diameter D=16 
mm, cutting length s=100 mm, sample surface prepared with face mill cutter Ra=4.72 µm. Three tool passes 
were used: 

Pass I:  n=3650 rpm, vf=1000 mm/min, g=0.6 mm, roughness obtained Ra=4.48 µm, 
Pass II:  n=4250 rpm, vf=500 mm/min, g=0.6 mm, roughness obtained Ra=4.05 µm, 
Pass III:  n=4250 rpm, vf=500 mm/min, g=1.5 mm, roughness obtained Ra=3.38 µm. 

4.3. Aluminium machining 

Tools marked with white or red are dedicated for aluminium machining (Figure 5). The tests were done for 5 
values of feedrate with other parameters constant: n=3650 rpm, g=0.6 mm, brush diameter D=16 mm, cutting 
length s=100 mm, sample surface prepared with face mill cutter, Ra=1 µm. The obtained roughness values 
are presented in Table 3. Test results show small influence of feedrate on Ra in case of the white brush and 
meaningful impact in case of the red brush. In Figure 8, a sample of the machined surface is presented with 
specific marks of tool fibres passes, as well as surface geometrical structure for the following machining 
parameters: white brush with diameter D=16 mm, fibre extension 10 mm, plunge fibre depth ap = 0.5 mm, 
feedrate 4000 mm/min, revolution speed n=4000 rpm. 
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Table 3 Values of surface roughness Ra obtained depending on brush type and feedrate [µm]  

Brush type/vf 4000 mm/min 2000 mm/min 1000 mm/min 500 mm/min 250 mm/min 

red 0.53 0.45 0.40 0.50 0.65 

white 0.75 0.82 0.96 0.95 0.95 

 
Figure 8 a) view of a surface machined with a brush ceramic tool (magnification 15x);  

b) surface geometrical structure (source: own case study) 

5. CONCLUSIONS 
The conducted own research basically confirmed the results of tool tests done by manufacturers. Both a 
decrease of feedrate and an increase of the number of passes decreased the roughness value, and the 
influence of the number of passes was less meaningful. Both the tool producer’s and the authors’ tests 
confirmed that these tools should not be used in too many passes (up to 3), because in certain cutting 
conditions there is a specific threshold number of passes above which the roughness value does not improve. 
Ceramic brush tools may be very significant in hard materials and hard-cutting materials machining such as 
Inconel, especially in case of fine machining of workpieces of complex shapes. High technological parameters 
of cuts with ceramic tools significantly reduce machining time, which makes them competitive in comparison 
to conventional cutting tools. The use of such tools in technological processes may allow to totally eliminate 
manual treatment, as well as workstations dedicated to manual work. The brush construction of tools may also 
be used for laying thin metallic layers (for instance of titanium) on ceramic surfaces to ease further welding of 
ceramic materials with metals [6]. Research on this subject is currently conducted at the Institute of 
Manufacturing Technologies of Warsaw University of Technology. 
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Abstract  

This paper is focused on the tribological behaviour of the plasma nitrided 42CrMo4 steel at elevated 
temperature to 300 ºC. The hardened steel was treated in plasma in two variants of nitriding atmosphere: 
24H2:8N2 and reverse ratio 8H2:24N2, which is greater nitrogen concentration. This leads to forming the 
nitriding layers with different phases, therefore, to distinct mechanical and tribological properties of nitride 
layers. The “ball on disc” wear test was performed at the variation of temperatures. A profilometer was used 
to investigate the wear track on the disk surface. Experimental results indicated that the coefficient of friction 
changed over the test time and temperature, and plasma nitriding in the atmosphere of 8 H2 : 24 N2 improved 
wear resistance better than nitriding in the atmosphere of 24 H2 : 8 N2. The results of wear test were further 
supplemented by measurement of surface roughness, metallografical documentation, layer thickness 
measurements, surface hardness and microhardness test. 

Keywords: Plasma nitriding, wear resistance, coefficient of friction, elevated temperature, 42CrMo4  

1. INTRODUCTION 

The wear mechanism is classified in some types of wear like abrasive, adhesive, erosive, fatigue, cavitation, 
etc. The meaning of improving the wear resistance of materials and surface layers/coating become more 
important because the machinery tolerance at this time and in the future is lower than in past [1][2]. A small 
change of measurement by wear can affect the operation of machines, to accelerate degradation process, to 
loss masses, energies and fuel and at the end to lead to shortening service life. 

The “ball on disc” wear test is widely used in studying the tribological performance of materials. During studying 
the wear mechanism of surface layers or coating, their behaviour is not like their steel substrate [3]. Their wear 
process can be divided into 4 periods [4]: 

 Initiation of wear - growth of the friction coefficient and wear 
 Contact surface adaptation - high coefficient of friction and wear 
 Steady-state regime - low coefficient of friction, low wear  
 Destruction of layer - great coefficient of friction, great wear. 

A useful method to increase the wear resistance of material is to use the thermochemical treatments, their 
representative is nitriding. Nitriding, a favourite solution was studied parallelly from the later of 19. century by 
pioneers in Euro, Russia and America with their specific strong points like using alloy elements or using 
nitriding atmosphere to control properties of nitrided layers [5]. Based on the saturation of nitrogen to steel 
surface under anomalous glow discharges to create a nitride layer with valuable properties, plasma nitriding 
is a very effective technology to enhance surface hardness, corrosion resistance, wear resistance and fatigue 
limit [6][7][8][9][10]. The nitride layer consists of the compound layer (lower than 8 µm), which is formed of ε-
Fe2-3N and γ-Fe4N phases, and beneath diffusion layer, which is formed of dispersive iron nitrides and nitrides 
of alloying elements with high affinity to nitrogen so-called nitalloy, like Al, Cr, Mo, W, etc. [11]. 

The properties of nitride layer are determined by the chemical composition of steel, surface conditions and 
parameters of nitriding process such as voltage, duration, pressure and nitriding gas composition. Some 
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authors had been studied the positive influence of ε-phase (Fe2-3N) to corrosion and wear resistance [8][12], 
this article is also aimed to create nitride layer with ε-phase by regulation of enriched nitrogen atmosphere.  

This article focuses on evaluating tribological characters of tempered and nitrided 42CrMo4 steel, which is 
widely used in automobile and weapon manufacturing. The "ball on disc" wear test was realised on tribometer 
BRUKER UMT-3 at various temperatures (21 ºC, 150 ºC and 300 °C). 

2. EXPERIMENTAL  

The samples for wear tests were manufactured in the shape of round disk with a diameter of 70 mm and the 
height of 6 mm, the roughness and shape tolerance according to ASTM G99-95a standard [9]. The samples 
were normalised (850 ºC), quenched (850 ºC) and air tempered (550 ºC) to attain the relevant structure and 
mechanical properties for next nitriding process.  

The elemental weight percentages of the used material were investigated by GDOES method (Glow Discharge 
Optical Emission Spectral) using the LECO SA 2000 device. The chemical composition according to ISO steel 
standard and measured results by GDOES/BULK method are in agreement (see Table 1). 

Table 1 Chemical composition of 42CrMo4 steel (wt%) 

Element C Mn Si Cr Ni Mo Cu P S 

ISO standard 0.38-0.45 0.5-0.8 0.17-0.37 0.9-1.2 ≤ 0.5 0.15 - 0.3 ≤ 0.3 ≤ 0.03 ≤ 0.03 

GDOES/Bulk 0.42 0.6 0.20 1.0  0.02 0.18 0.01 0.001 0.001 
*Parameters of GDOES/Bulk analysis: U = 800 V, I = 30 mA, p(Ar) = 314 Pa 

The tempered samples were nitrided in the RUBIG nitriding equipment. The plasma nitriding was treated in 
two steps: cleaning in plasma and creating nitride layers. In this article, the samples were nitrided in two 
variants of nitriding atmosphere. Plasma nitriding PN1 was treated in the gas mixture of 24 H2 : 8 N2 (classical) 
and plasma nitriding PN2 in a gas mixture of 8 H2 : 24 N2. Process parameters are given in Table 2. 

Table 2 Plasma nitriding process parameters 

Process 
Temperature 

(ºC) 
Duration  

(h) 
Pressure 

(Pa) 
Bias 
(V) 

Gas flow (l/h) 

H2 N2 

Plasma cleaning 480 0.5 80 800 20 2 

Plasma nitriding 
PN1  500 10 280 530 24 8 

Plasma nitriding 
PN2 500 10 280 530 8 24 

A profilometer was used to measure parameters of surface roughness. The cross-structure observation and 
documentation were performed with a magnification of 200x and 500x using the optical microscope OLYMPUS 
DSX 500i. The total thickness of the nitride layer (case depth) was investigated using the LECO LM 247 AT 
microhardness tester in accordance with DIN 50190 standard. This microhardness test allows to establish 
microhardness in direction from the surface to the core at 50 g load and 10 s dwell time. The surface hardness 
was measured on the LECO LV 800AT device.  

The “ball on disc’’ wear test, corresponded to ASTM G99-95a [12] was carried out on the BRUKER UMT-3 
tribometer with an indenter made of carbide wolfram with the diameter of 6.3 mm and hardness of 92 HRA. 
Measurement parameters were set as following: a normal load of 20 N, the rotary speed of 500 rpm, track 
radius of 20 mm, test duration of 27 min, the trajectory of 1696 m. As results of wear test, a relationship 
between the coefficient of friction and time was established. In order to measure at the required temperature, 
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the sample (disc) and indenter (ball made of carbide wolfram) were heated in the thermal chamber for 25 
minutes and kept at this temperature 10 minutes yet, so that these contact pair had a similar temperature. 
After the wear test, the sample was cooled in the air with a fan, and then cleaned with alcohol using an 
ultrasound cleaner. The wear track was graphically documented using a laser confocal microscope. 
Thereafter, the TALYSURF CLI 1000 profilometer was used to evaluate the wear depth and area of wear 
profile, from which wear rate was calculated. 

3. RESULTS AND DISCUSSIONS 
The measured parameters of surface roughness are shown in Table 3. In general, after plasma nitriding 
process PN2, all chosen parameters of surface quality are higher than tempered while the surface roughness 
Ra and Rt after plasma nitriding PN1 are smaller than tempered sample.  

Table 3 Parameters of surface quality 

Sample Ra (µm) Wa (µm) Rt (µm) Rq (µm) RSm (µm) 

Tempered 0.52 ± 0.05 0.10 ± 0.03 3.69 ± 0.39 0.66 ± 0.06 0.028 

PN1 0.41 ± 0.09 0.22 ± 0.09 3.44 ± 0.44 0.52 ± 0.12 0.037 

PN2 0.57 ± 0.10 0.17 ± 0.04 4.02 ± 0.53 0.71 ± 0.12 0.031 

The bainitic-sorbitic microstructure of heat treated sample and structure of nitride layers can be observed in 
Figure 1. The nitride layer consistes of compound and diffusion layer. The thickness of the compound layer of 
nitriding PN1 is smaller (2.86 µm) than nitriding PN2 (5.09 µm). 

a) Tempered b) PN1 24 H2 : 8 N2, 15 h 
 

c) PN2 8 H2 : 24 N2, 15 h 
Figure 1 Cross-sectional microstructure (500x) 

The border between the diffusion layer and the substrate of this steel is not obvious, therefore the total 
thickness of nitride layer should not be measured on photo captured by an optical microscope, but from the 
microhardness test. The results of microhardness test are given in Table 4. The difference of gas mixture 
leads to distinct microstructure and nitride layer properties. It is seen that the thickness of nitride layer (case 
depth) of nitriding PN2 is lower than nitriding PN1 but the microhardness is in contrary. 

Table 4 Properties of nitride layer 

Type of nitriding Compound layer (µm) Case depth (mm) Microhardness (HV 0.05) 

PN1 2.86 0.3055 744 

PN2 5.09 0.3042 766 

The descending of microhardness to case depth is given in Figure 2.  

compound layerLing 

diffusion  
layer 

substrate 
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Figure 2 Microhardness of nitrided sample 

The surface hardness measured by various loads is given in Table 5. With the growth of used load, the value 
of hardness goes down because the depth of indenter imprint is greater, the effect of nitride layer gets smaller 
than lower load.  

Table 5 Properties of nitride layer 

Sample HV 1 HV 3 HV 5 HV 10 HV 30 

Tempered 317 ± 9 315 ± 8 320 ± 8 310 ± 9 307 ± 2 

PN1 602 ± 9 717 ± 26 699 ± 37 619 ± 18 515 ± 15 

PN2 740 ± 20 772 ± 24 722 ± 14 704 ± 15 588 ± 15 

The change of coefficient of friction (next time just COF) to a number of cycles at 21 ºC is presented in Figure 3. 
At 21 ºC, three samples don’t have an obvious difference of COF. The COF of nitriding PN1 rose at the end of 
the measurement (about 1300 cycles). It can be explained by that, after a running-in period, the brittle 
compound layer was chipped. The debris particles transferred along wear track made the COF relatively low. 
Till the compound layer was peeled off, the indenter contacted to diffusion layer, the COF was increased. 
Although nitriding PN2 obtained thicker compound layer, the COF of nitriding PN2 began rose sooner, after 
about 500 cycles. 

  
Figure 3 Coefficient of friction at 21 ºC Figure 4 Coefficient of friction at 150 ºC 

At 150 ºC, the tempered sample showed a high COF after a while from the beginning of the measurement. 
The COF of nitriding PN1 rises until 300 cycles then the COF is stable. The COF of nitriding PN2 became 
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stable the first time after 250 cycles, and the 
second time after 1300 seconds, then the COF 
rose (see Figure 4).  

At 300 ºC, the COF of nitrided samples is much 
lower than tempered and the amplitude of COF 
changes more than at 150 ºC and 21 ºC (see 
Figure 5).  

It can be explained by the thickness of the 
compound layer. Nitriding PN1 has a thinner 
compound layer, the COF rises until the 
compound layer was peeled off. The nitriding 
PN2 has a thicker compound layer, then the 
COF rises when at the time of 1300 seconds, the compound layer was completely removed, the COF become 
stable. 

The value of friction coefficient is considered of the stable section of friction coefficient. For example, the 
coefficient of friction of blue curve of the tempered sample is averaged from 400th cycles to end of the measure. 
The calculated coefficient of friction is showed in Table 6. 

Table 6 The average of friction coefficient at various temperatures 

Sample 21 °C 150 °C 300°C 

Tempered 0.85 0.95 0.96 

PN1 0.79 0.66 0.55 

PN2 0.83 0.55 0.55 

The COF of tempered samples slightly increased to temperature, but still very high. On the contrary, the COF 
of nitrided samples decreased to temperature. 

The wear depth and profile area of wear track, as result measured 5 places on the wear track is summarised 
in Table 7. The wear depth and profile area of wear track of nitrided samples rose to the temperature. But the 
tempered showed a lower wear depth and profile area at elevated temperature than ambient temperature, and 
at 150 ºC their values are lower than at 300 ºC.  

It is amazing that at elevated temperature, the wear depth and profile area are lower than nitrided samples. It 
can be explained by the continuous formation of oxide layer on tempered surface at elevated temperature. 
And this oxide layer can play a role as a self-lubricant, which protects against penetration of the indenter.   

As seen in Table 7, the wear depth at 21 ºC is lower than compound layer thickness, and at elevated 
temperature, the wear penetrates to the diffusion layer. 

Table 7 The depth and profile area of wear track 

Sample 
Wear depth (µm) Profile area (µm2) 

21 °C 150 °C 300 °C 21 °C 150 °C 300 °C 

Tempered 5.52 ± 1.12 2.39 ± 0.73 3.95 ± 0.83 2158 ± 879 745 ± 111 1561 ± 392 

PN1 2.94 ± 0.46 4.46 ± 0.56 9.38 ± 3.34 867 ± 182 1369 ± 269 5814 ± 2584 

PN2 3.3 ± 0.42 8.57 ± 2.45 10.53 ± 2.51 1021 ± 107 1332 ± 241 5090 ± 1124 

 

Figure 5 Coefficient of friction at 300 ºC 
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The next useful result of profile measurement is area of the wear profile, from which it can be calculated the 
wear volume by a simple equation: V = 2Π.R.A, where R is the rotary radius of indenter (mm), A is profile area 
(mm2). Then the wear rate is calculated by this equation [1]: 

 (1) 

Where: w - wear rate (mm-3.N-1.m-1), V - removed volume (mm-3), FN - normal load (N),  
  s - trajectory of motion (m). 

Figure 6 shows the relationship between wear rate and coefficient of friction at various temperatures. It is  
an amazing trend that the nitrided samples showed a reduction of friction coefficient with the growth of 
temperature, but on the contrary, the wear rate is increased. For the tempered sample, the coefficient of friction 
increased to the growth of temperature. But at elevated temperature, the wear rate is lower than at ambient 
temperature. 

 
Figure 6 Relationship between the wear rate and the coefficient of friction 

4. CONCLUSIONS 

This article studied the formation of the nitride layer, its microstructure, surface roughness, hardness and 
tribological behaviour of nitrided 42CrMo4 steel. The experiments results confirm the presence of ε-phase 
phase as mentioned by Saïed et al. [12], which makes nitride layer had greater hardness, thicker compound 
layer.  

The wear test was carried out at ambient and elevated temperature (21 ºC, 150 ºC and 300 ºC). At ambient 
temperature, nitrided sample enhanced wear resistance obviously. But at elevated temperature, the tempered 
sample showed a smaller wear than the nitrided sample. It is considered that, at elevated temperature, the 
continuous formation of oxide layer plays a role as self-lubricant, and it decreases wear. But at the point of 
corrosion protection, Kusmic et al. [14] pointed out that, the corrosion resistance of nitrided 42CrMo4 steel 
under the same nitriding process conditions exhibited much higher than tempered sample (the NSS corrosion 
test).  

It is showed that the wear depth of plasma nitriding PN2 (8H2:24N2) is greater than nitriding PN1 (24H2:8N2)   
but the wear rate of nitriding PN2 at elevated temperature is lower than nitriding PN1. Because the shapes of 
wear profile of two samples were not equal, therefore the wear profile area of nitriding PN2 is smaller than 
nitriding PN1 and wear rate is proportional to the profile area.  
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It can be also recognised that, although the PN2 had a greater hardness, thicker and harder compound layer, 
but at ambient temperature, the wear depth and wear rate were greater than nitriding PN1. It can be explained 
by the harder but more brittle compound layer may appear tiny fragments and peeled off, which can accelerate 
the process of removing materials (abrasive mechanism). 

The coefficient of friction of nitrided layer decreased according to the growth of temperature. The trend of 
friction coefficient is opposite for tempered sample. 

In general, the nitride layers improved obviously the hardness and wear resistance at ambient temperature, 
they also decreased the coefficient of friction. But at elevated temperature on the tempered surface, an oxide 
layer was formed and increased wear resistance, while the nitride layer decreased wear resistance. 
Netherless, in service, the component surface is affected by various chemical aggression and has to fulfil 
requirements of strength, hence plasma nitriding is a good treatment that we should consider. 
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Abstract  

One of the most important two-phase alloys α+β is Ti-6Al-4V, which is frequently used in medicine. This alloy 
is characterized by innovative combination of strength, good corrosion resistance in the environment of 
chlorides, the highest biotolerance and the lowest Young's modulus. Ti-6Al-4V is the basic material for long-
life implants in orthopaedics, traumatic surgery, dentistry or cardiology. Taking into account current level of 
technology and operating methodologies, the use of metal biomaterials remains to be necessary. However, 
technological progress causes an increase interest in development of new materials with the possibility of 
stimulation for osseointegration. The metallic and ceramic sintered are numbered among multi-phase materials 
and are considered as materials with functional properties, such as increased resistance to fracture toughness 
and porosity, very good biocompatibility compared to other metallic biomaterials and fatigue strength. 
Modification of the surfaces of engineering materials especially titanium alloys is intended to improve function 
and usability these materials (e.g. good corrosion resistance in the environment of human tissues) [1-2]. The 
composites for analysis were obtained using the most modern methods of powder sintering i.e. spark plasma 
sintering (SPS). The main aim of the study was to evaluate the surface morphology of the alloy and functional 
properties after the thermal oxidation at different temperatures. The results of optical microscope 
metallography, SEM/EDX, XRD analysis are also presented. 

Keywords: Metallic and ceramic sintered, Ti-6Al-4V, Titanium alloy, surface modification 

1. INTRODUCTION 

Metallic-ceramic composites are considered as materials with functional properies, what makes them very 
attractie for a application as materials for medicine. Therefore, the medical environments envourages the 
research on new composites made of ceramics, polymers and metallic materials [3-5]. Titanium and its alloys 
are the most modern and prospective implantation materials for biomedical applications. The above alloys 
were initially designed for the aerospace, marine, chemical and automotive industries, only after some time 
they have been modernized and used as titanium biomaterials [6].  

Titanium and titanium alloys are very attractive and long-life materials for a number of biomedical devices and 
components, e.g. orthopedic and dental implant. The use of Ti-6Al-4V is constantly growing due to unique 
functional properties, such as good corrosion resistance, good biocompatibility, relatively low modulus, good 
fatigue strength [7-8]. Taking into account, that not all titanium and its alloys can meet all of the clinical 
requirements, a number of research centres have focused their efforts on surface modification in order to 
improve some properties. This is particularly relevant in case of e.g. porous titanium alloys, which without any 
surface treatmens is bioinert [9-10]. 

In order to improvement in homogeneity of titanium oxide layer and for increasing resistance to biological 
impact of the environment have used thermal oxidation, which is a low-cost, effective and relatively simple 
method of surface modification. This modification has brought a formation of a stable and protective layer of 
titanium dioxide (TiO2) that avoids direct contact between the implants and its environment and also reduces 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1235 

the reactivity of the metal. The main factors on the performance of oxidized layer are the thermal oxidation 
temperature and time [11-13].  

The authors of the present study proposed to improve functional properties by means of thermal oxidation at 
range of temperatures 400-600°C. TiO2 amorphous phase crystallized in anatase phase at temperatures 
above 400°C, while the transformation of anatase to rutile was occured at temperatures around 600°C. The 
above reaction depends on the preparation conditions, surface area, porosity and crystal size [14-15]. The 
suitable surface treatment increase the use of titanium and titanium alloys in the biomedical sectors. The layer 
of titanium dioxide may relief in reduces the friction coefficient and so increase the wear resistance. The main 
aim of the study was to evaluate the effect of thermal oxidation on the structure and functional properties on 
titanium alloy Ti-6Al-4V manufactured by means of powder sintering methodology (spark plasma sintering, 
SPS).  

2. MATERIALS AND METHODS 

The specimes for the examinations with height of 5 mm and 25 mm in diameter were cut out from a bar of bulk 
titanium alloy 100% Ti-6Al-4V ELI. Table 1 presents chemical composition of Ti-6Al-4V ELI. The second set 
of samples (porous sinters) containing of 100% Ti-6Al-4V powder were obtained using the spark plasma 
sintering method in an SPS HP 5 (FCT) device in a shielding gas medium at the pressure of 20 MPa. The 
samples were compressed in 1000°C with the force of 11 kN and a piston moving rate of 1 mm/s. Bulk density 
of powders (Sulzer Metco) of titanium alloy Ti-6Al-4V with spherically-shaped particles (size -45+5 µm) is 2.96 
g/cm3. 

Table 1 Chemical composition of Ti-6Al-4V ELI (% wt.) 

Chemical composition Al V C Fe O N H Ti 

Ti-6Al-4V 5.94 4 0.01 0.17 0.1 0.01 <0.01 Balance 

In view of recommended surface treatment for titanium alloys used in implantology, all samples were polished 
until bright finish. The next stage was thermal oxidation for 1 hour at temperatures: 400ºC, 500ºC, 600ºC.  

Analysis of microstructure before and after thermal oxidation was conducted using the optical microscope 
Axiovert 25 and scanning microscope Jeol JSM-6610LV.  

X-ray phase analysis using a X-ray diffractometer Seifert 3003 was carried out with the following parameters: 
supply voltage 30kV, current intensity 40 mA, measurement step 0.01º, channel integration time 10s; 
characteristic radiation wavelength for a cobalt lamp coordinated with a nickel filter 0.17902 nm. 

3. RESULTS AND DISCUSSION 

Figure 1 presents the microstructure obtained for titanium alloys by the optical microscope Axiovert 25.  

 
Figure 1a Microstructure of the titanium alloy 100% Ti-6Al-4V (bulk alloy): a) before thermal  

oxidation and after thermal oxidation at temperatures: a') 400ºC, a'') 500ºC, a''') 600ºC 
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Figure 1b Microstructure of the porous sinters 100% Ti-6Al-4V (25 MPa): b) before thermal oxidation and 

after thermal oxidation at temperatures: b') 400ºC, b'') 500ºC, b''') 600ºC 

Figure 2 represents the examples of macroscopic images for titanium alloys after thermal oxidation. 

 

Figure 2 Macroscopic images of the titanium alloys after thermal oxidation at appropriate temperatures:  
a) 100% Ti-6Al-4V (bulk alloy) at 500ºC, b) 100% Ti-6Al-4V (bulk alloy) at 600ºC,  

c) 100% Ti-6Al-4V (porous sinters) at 500ºC, d) 100% Ti-6Al-4V (porous sinters) at 600ºC 

 

 

Figure 3 Analysis of chemical composition (Spectrum 1): a) 100% Ti-6Al-4V (bulk alloy) after thermal  
oxidation at temperature 400ºC, b) 100% Ti-6Al-4V (porous sinters) after thermal oxidation  

at temperature 500ºC 
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The examples of SEM microstructure and EDS spectra of the titanium alloys after thermal oxidation obtained 
by the scanning microscope Jeol JSM-6610LV are presented in Figure 3. Table 2 presents analysis of 
chemical composition of the above titanium alloys. 

Table 2 EDX-analysis of chemical composition of the titanium alloys after thermal oxidation at appropriate  
   temperatures 

Titanium alloy 
Temperature of 

thermal oxidation 
[ºC] 

Element (weight %) 

Ti V Al O 

100% Ti-6Al-4V (bulk 
alloy) 

400 90.18 3.98 5.84 - 

500 84.04 3.81 5.15 6.99 

600 75.16 3.57 4.20 17.07 

100% Ti-6Al-4V 
(porous alloy) 

400 90.90 3.63 5.47 - 

500 89.90 4.29 5.82 8.98 

600 77.45 3.37 4.67 14.51 

Analysis of chemical composition revealed that the higher oxidation temperatures determine the increase in 
oxide concentration on the surface. 

Results of the analysis of phase composition of the titanium alloys are presented in Figure 4. 

The phase composition analysis for specimens of 100% Ti-6Al-4V (bulk alloy) and 100% Ti-6Al-4V (porous 
sinters) revealed presence the peaks from the alpha titanium that crystallizes in a hexagonal crystallographic 
lattice (P63/mmc) with the following parameter: a = b = 0.295 nm, c = 0.468 nm and the beta titanium that 
crystallizes in a cubic crystallographic lattice (Im-3m) with the following parameter: a = b = c = 0.330 nm. The 
phase composition analysis revealed presence the peaks from the oxide TiO2 anatase that crystallizes in a 
tetragonal crystallographic lattice (P42/mnm) with the following parameter: a = b = 0.378 nm,  
c = 0.951 nm. Furthermore, the phase composition analysis revealed presence the peaks from the oxide TiO2 
rutile that crystallizes in a tetragonal crystallographic lattice (I41/amd) with the following parameter:  
a = b = 0.459 nm, c = 0.296 nm. 
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Figure 4 Diffractograms of the titanium alloy after thermal oxidation at appropriate  
temperatures: a) 100% Ti-6Al-4V (bulk alloy), b) 100% Ti-6Al-4V (porous sinters) 

4. CONCLUSIONS 

The surface treatment used in the study led to the formation of a oxide layer TiO2, which is characterized by 
high biocompatibility and non-toxicity for human tissues. Microstructure analysis and X-ray quality analysis 
confirmed presence of titanium phases: Tiα, Tiβ and oxide TiO2 (anatase and rutile). The results obtained in 
the study showed that the increase in oxidation temperature causes an increase in the amount of oxides 
present on the surface. 
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Abstract 

The foregoing thesis presented different viabilities of the vibratory tumbling as a processing of the finishing 
surface of sprocket wheels. The sprocket wheels were EN AW 2017A aluminum of alloy and they were made 
with the method of machining. One of sprocket wheels was subjected to a vibratory tumbling in the device 
Superminor SMR-D-120 of the ROLLWASH company. There were also ceramic fittings used in that process. 
A possibility of applying the vibratory tumbling for removing burrs, discolorations and rounding off sharp edges 
of sprocket wheels was being analysed. The analysis of the results (macrophotographies of the details of 
sprocket wheels and the achieved results of the 3D surface roughness) indicate that the vibratory tumbling 
achieved its earlier presented goals and it can be applied to process sprocket wheels. 

Keywords: Vibratory tumbling, surface roughness, smooth surface, deburring 

1. INTRODUCTION 

The fine machining of produced elements, for example, in the automotive industry is an extremely important 
element of the technological process. If the surface of elements of motor vehicles is wrought appropriately, it 
has got significant influence on the product lifespan and the failure-free usage of the vehicle. In addition, sharp 
edges or the sharp remains of processed material (which might proceed as a result of machining) may cause 
cuts or damage to other parts maching with the element carried out. The development of the production 
technology of the machinery parts in which the traditional, manual machine tools are being replaced by 
numerical ones causes the necessity to search for solutions which enable fast and cheap finishing of the final 
product. The vibratory tumbling enables cheap and efficientfinishing processing of the product attained in the 
process like: milling or turning. 

2. THE VIBRATORY TUMBLING 

The vibratory tumbling is one of the finishing processing methods which enables to wrought a lot of elements 
in a single production cycle. It is mainly applied for removing burrs, rounding off sharp edges or for improving 
the parameters of the geometric structure of the surface [4]. The physics of this process comes down to the 
interplay between loose abrasive fittings and processed parts, which are placed in the vibratory tumbling 
container, along with the liquid which supports the process of finishing processing. Depending on applied 
fittings we distinguish two variants of the vibratory tumbling: removal machining with applied abrasive fittings 
and chipless machining, when the fittings which are smoothing the surface are acting as the factor causing 
plastic strains of rough peaks. The container of the vibratory tumbling is being set into the vibratory move with 
the intensified frequency of vibrations, thanks to which the interaction on the line of fitting is taking place- the 
workpiece. 
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3. THE RESEARCH OBJECT 

The aim of this research is the possibility of the employment of the vibratory tumbling as a finishing processing 
of the component elements on the example of the valve train systems for engines. The subject of the study 
were sprocket wheels which were made with the method of machining. Those were the sample sprocket 
wheels which can be used in the automotive industry. Made sprocket wheels contained a lot of elements in 
their structure, such as drilled or milled holes. The sprocket wheels were EN AW 2017A aluminum of alloy [1]. 
The elements which were made with the method of machining (milling) contain many shortcomings which had 
influence on the final product. The defects which occurred on the elements, as result of the machining method 
were as follows: sharp edges and burrs, which may cause cuts among the employees who are working on the 
product. Moreover, these edges or burrs could lead to the damage of the belt in the drive belt, etc. Sharp 
edges, often after machining are rounding [2,3]. The sharp edges and discoloration incurred in the sprocket-
wheels are presented in the picture (Figure 1). In addition, thermal influences and the influences of coolant, 
during the process of milling may lead to appearing of discolorations on the processing elements.  

There are many methods of surface finishing processes some of them belong to the group conventional 
machining: grinding, mechanical polishing, suprefinishing [5,6], brushing [5] etc. and others belong to non-
conventional: abrasive flow machining (AFM), electrochemical machining (ECM) [7], water jet cutting (AWJ), 
electrical discharge machining (EDM) or hybrid machining [8,9].  

Another group of methods leads to surface quality improvement are methods related to the modification of its 
chemical composition [10,11,12,13]. 

Nowadays, many research centers conducts investigations the smoothing surface procesess to increase its 
efficiency [14] or improve measurement or evaluations surface parameters methods. 

 

Figure 1 Fragment of sprocket - the sharp edges and discoloration incurred in the sprocket wheel 

4. THE RESEARCH 

The sprocket wheel which was made with the method of machining, was subsequently subjected to the 
vibratory tumbling in the Superminor device SMR-D- 120 of the ROLLWASH company. The machine is 
presented in the picture (Figure 2). There were ceramic fittings used in the research. Additionally, there was 
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a liquid used during the process, which facilitated the process of the vibratory tumbling. The frequency of 
vibrations during tests was 2.7 kHz. The time of the processing - 150 minutes. The choice of machine tools, 
applied in the industry in the vibratory tumbling, is usually made as a result of experimental attempts depending 
on the obtained effects. The applied vibratory tumbling aimed to remove the burrs which occurred as a result 
of milling, moreover, to round off sharp edges and to improve the reflectiveness (removing discolorations which 
appeared as a result of the influence on the local change of temperature and influences of coolant during the 
process of shape milling of received sprocket wheels). 

 

Figure 2 Superminor device SMR-D- 120 of the ROLLWASH company [15] 

As a result of conducted vibratory tumbling research, all the goals have been achieved. In the picture 
(Figure 3), there is presented the photography of a fragment of the sprocket wheel after completed vibratory 
tumbling. In this picture one can see that all the edges were blunted (rounded off).  

 

Figure 3 The macrophotography fragment of sprocket wheel after vibratory tumbling 

The surface of the sprocket wheel is characterized by scratches and the roughness. In order to compare the 
surfaces before and after the process of vibratory tumbling, pictures (Figure 4a) and (Figure 4b) shows those 
two surfaces.  
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Figure 4 The macrophotography of the surface of the sprocket wheel:  

a- after milling; b- after vibratory tumbling 

This comparison shows that the vibratory tumbling had a beneficial impact on the surface of the sprocket 
wheel, because it removed the discolorations and changed the characteristics of the surface of the sprocket 
wheel. 

The results of the measurement of 3D roughness of sprocket wheels before the vibratory tumbling and after 
the vibratory tumbling present in the Table 1. 

Table 1 The summary of results of the measurement of 3D roughness of sprocket wheels before the 
 vibratory tumbling and after the vibratory tumbling 

 Sq, µm Sp, µm Sv, µm Sz, µm Sa, µm 

Before the vibratory 
tumbling 0.4685 3.6608 3.7474 7.4082 0.3412 

After the vibratory 
tumbling 0.7106 3.5495 7.6005 11.1499 0.5405 

The parameters geometrical product specifications contained in Table 1 and Table 2 define according to ISO 
25178. Sq parameter is the root mean square of surface roughness. Parameter Sz is the maximum height of 
the surface, and parameter Sv is the maximum cavity surface. Parameter highest peak area Sp is the 
difference between Sz and Sv. Sa parameter is defined as the arithmetic average surface height.  

 
Figure 5 The summary of results of the measurement of 3D roughness of sprocket wheels:  

(a - profilogram, b - the chart of the directionality of roughness), the sprocket wheel before the vibratory 
tumbling, (c - profilogram, d - the chart of the directionality of roughness) the sprocket wheel after the 

vibratory tumbling 
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Analysing parameters of the geometric structure of the surface (measurement of 3D roughness) one can notice 
that the parameter of the roughness Sa after the vibratory tumbling has increased slightly from the value Sa = 
0.3412 µm to the value Sa = 0.5405 µm. The measurement of the roughness also confirmed the change of 
the directionality of the geometric structure of the area from directional to random. The statement of results of 
measurements of 3D roughness was described appropriately for the sprocket wheel after the milling process 
in pictures (Figure 5 a, b) and for sprocket wheel after conducted vibratory tumbling in pictures (Figure 5c, d). 

5. CONCLUSIONS 

Analysing macrophotographies of details of elements after the machining - the milling and analysing those 
elements after vibratory tumbling, one can notice that the vibratory tumbling is fulfilling its role perfectly. Sharp 
edges after the vibratory tumbling were blunted and the discolorations were removed. Analysing the 
measurements of roughness one can observe that positive effects of the vibratory tumbling mentioned above, 
were obtained to the disadvantage of the roughness, which has dropped. The parameter of the roughness Sa 
did not fall radically, but only about 0.2 µm. During the analysis of the measurement of 3D roughness and the 
graph of directionality of the roughness, one can state that the vibratory tumbling beneficially changed the 
geometric structure of the surface from the directional roughness to random. The slight increase of roughness 
is compensated by the removal of discolorations as well as rounding off all the edges, even those which 
seemed to be hard to reach. 
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Abstract 

The paper deals with the investigations which consisted in conducting the process of hardfacing of steel sheets 
from X10CrMoNb9-1 steel. There were two different coatings marked to sheets through the TIG method. The 
material used on the weld overlay was as follows: W CrMo2Si, W CrMo91. After hardfacing of steel sheets, 
the examined samples have been cut from the sheets, from which the metallographic samples have been 
produced. In the paper, there were photographs of microstructures of metallographic samples attached, which 
were taken during the microscopic observations. The observations using optical microscope Nicon Eclipse MA 
200 compared changes in surface microstructure and the effect of TIG welding. The process of hardfacing 
was conducted on the Electric Invertec V270 device - T pulse. 

Keywords: Superficial layer, hardfacing, coating, TIG welding, microstructure 

1. INTRODUCTION 

Due to the present trend in constructing machines, alloys of high durability, wear resistance and corrosion are 
being sought. There are many of methods leads to surface quality improvement related to the modification of 
surface roughness properties [1,2], mechanical properties of surface, chemical composition surface layer [3-
5], electrical discharge alloying method [6], welding processes, laser processes [7-9], microwelding or hybrid 
welding processes [10-13], thermal spraying [13] or detonation methods. An important issue is the machining 
of such materials, cutting such materials may prove difficult because most of them are hard to cut. In these 
circumstances it is advisable to use non-traditional processes such as non-traditional processes [14] or surface 
finishing process. In particular is difficult machining of metal matrix composite materials. In these cases is 
applying or hybrid machining. Nowadays, many research centers conducts investigations and the modelling 
of processes to improve its efficiency. 

In spite of the constant development of modern construction materials as well as the technologies of 
processing it, the process of hardfacing is still aninseparable element of the production processes. The 
consumption of the machinery part is the damage of surface of the machine element - it is the reduction its 
functional properties of the working surface. It consists in a gradual loss of material from the surface of the 
“working” element which is caused by its move with regard to substance maching with it, or other element and 
with many physical and chemical processes which result mainly from its exploitation. This process is complex. 
Hardfacing is the way of regeneration of the machines parts and other devices which underwent partial wear 
and tear as a result of the usage.  

The increase of the endurance and the possibility of conducting regenerating hardfacing allows to reduce the 
costs of the production and exploitation of the machines and devices used in many fields of our life, for 
example, in the teeth of excavators, mining drills, cast-iron pump pistons, lead coated walls of the containers 
used in the chemical industry. 
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2. HARDFACING 

Hardfacing is the welding process consisting in the metallurgical melting of the hardfaced surface (weld 
overlay) and arranging it on the melted base. The fulfillment this condition is significant for getting the 
appropriate depth of blending which guaranteed the adhesion of the hardfaced surface with the material of 
base. The aim of this action is to set the hardfaced product the appropriate features such as: wear or corrosion 
resistance. It can be also used to regenerate an object by the improvement of its geometry or the 
supplementation of losses caused by its exaggerated. The participation of base surface in the weld overlay 
depends on many factors, for example, on the hardfacing method used by the operator or selected parameters. 
The key factor is blending depth and the degree of mixing material of base surface with weld overlay, which 
depend on the chemical composition and chosen hardfacing parameters. Depending on the physics of the 
process, applied factors subserving thawing and the realization of the process, one can distinguish many 
hardfacing methods. One of these methods is called the TIG method (Tungsten Inert Gas), which relies on 
arched hardfacing with the non-consumable electrode in the gas shield. In addition, the hardfacing material is 
being introduced into the area of the bow glowing between non- consumable solid tungsten electrode and 
hardfacing base. 

3. THE RESEARCH OBJECT 

The aim of this thesis was to analyse the hardfacing by the use of the TIG method and high-chromic electrode 
on the metal sheets from X10CrMoNb9-1 steel. Chemical composition of X10CrMoNb9-1 steel show in table 
(Table 1). 

Table 1 Chemical composition (%) of X10CrMoNb9-1 steel 

C Si Mn Cr Mo Ni V Other 

0.08-0.12 0.2-0.5 0.3-0.6 8-9.5 0.85-1.05 0.06-0.1 0.18-0.25 N=0.03-0.07 

The material used on the weld overlay was as follows: W CrMo2Si, W CrMo91. After hardfacing the 
metallographic samples have been produced and subsequently, they were microscopic observed. The device 
which were used to apply the coatings by the TIG method was the Electric Invertec V270-T pulse. The machine 
is presented in the picture (Figure 1). 

 

Figure 1 The Electric Invertec V270-T pulse 
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Chemical composition the deposited weld metal of W CrMo2Si show in table (Table 2) and W CrMo91 in 
(Table 3). 

Table 2 Chemical composition (%) the deposited weld metal of W CrMo2Si [15] 

C Mn Si Cr Mo P As Sb Sn 

0.08 0.90 0.60 2.50 1.00 ≤0.01 ≤0.01 ≤0.005 ≤0.006 

Table 3 Chemical composition (%) the deposited weld metal of W CrMo91 [15] 

C Mn Si Cr Mo Ni Nb V 

0.1 0.3 0.5 9.0 0.9 0.5 0.06 0.2 

4.  THE RESEARCH 

In the process of hardfacing there was argon used as a protective gas. The volume flow rate of protective gas 
amounted about 10 dm3 per minute. The current amounted 180 A. After the hardfacing process, there were 
the metallographic samples produced, which were observed by the inverted metallographic microscope Nicon 
Eclipse MA 200, which is presented in the picture (Figure 2). 

 

Figure 2 The inverted metallographic microscope Nicon Eclipse MA 200 

The macroscopic analysis of cut elements showed that the weld overlay is combined to the surface material. 
In addition, one can observe the transitional layer which is typical for hardfacing coatings. In the picture 
(Figure 3) there is presented the microphotography of joining the hardfaced object with the deposited weld 
metal W CrMo2Si. The surface layer of the base consists of one coat, the second layer is formed by hardfacing 
coating. Between coating and base, there is a layer which has got indirect properties and the heat- affected 
zone. In the picture (Figure 4) there is presented the microphotography of joining the hardfaced object with 
the deposited weld metal W CrMo91. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1249 

 

Figure 3 Microphotography of X10CrMoNb9-1 steel with the deposited weld electrode alloy W CrMo2Si by 
TIG welding 

 

Figure 4 Microphotography of X10CrMoNb9-1 steel with the deposited weld electrode alloy W CrMo91 by 
TIG welding 

The microhardness measurement was conducted on the NEXUS 4303. The averaged result of microhardness 
measurement by Vickers method show in table (Table 4) and table (Table 5). 

Table 4 The averaged result of microhardness measurement (W CrMo2Si) 

C Microhardness HV0,5 

Coating 425 

Transitional layer 440 

Base material  419 
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Table 5 The averaged result of microhardness measurement (W CrMo91) 

C Microhardness HV0,5 

Coating 459 

Transitional layer 451 

Base materaial 424 

4. CONCLUSIONS 

The technology of hardfacing is characterized by the accurate metallurgical fusion of weld overlay with melted 
surface material. As a result of the TIG method hardfacing, weld overlay is characterized by an excellent 
connection with metal surface which comes directly from rendering down hardfacing material with the original 
material. The microstructure of the layer hardfacing by the TIG method is characterized by 4 layers, such as: 
weld overlay, the transition layer, heat-affected zone and the original material. If the process of hardfacing is 
conducted properly, the coating does not include any pores or other faults. The participation of the surface in 
a weld overlay is dependent on many factors, for example, on the hardfacing method used by the operator or 
applied parameters and hardfacing conditions. The composition and the features of hardfacing layer and the 
one of the original material, due to rendering of the base material down, the layers are changing the direction 
from the external layer of weld overlay, all the way to original material. 
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Abstract 

The surface layer properties of super-hard materials may be modified by a laser beam treatment and the 
regular texturization is one of possible approaches. The designed experiment was conducted based on two 
main controlled factors: the average diameter of cavities and the level of the blackening. The obtained dataset 
was processed with a response surface model for the coefficient of friction as the outcome. Typical statistical 
analysis of data with quantitative control factors bases on many theoretical assumptions, with the most 
important and the most influential one: the normality of random noises distributions. Such assumption is often 
used but rarely it is analyzed for its weakness and large uncertainty in results. The paper describes a non-
parametric approach to the statistical analysis of the uncertainty. It releases us from the direct assumption of 
particular probability distributions. The bootstrap is formally the method based on random resampling with 
replacement from the source dataset. It allows to identify the whole distribution shape of raw data and related 
confidence intervals without additional assumptions about particular distribution. The paper presents the 
analysis processed for the practical case: original, commercially available rings for front sealing sintered from 
SiC with a texture modified by a laser beam and tested on tribological tester for changed properties. The paper 
contains notes on encountered difficulties and possible guidelines for similar analysis. 

Keywords: Bootstrap, uncertainty, non-parametric approach, tribology, laser beam texturization 

1. INTRODUCTION 

The accessibility of materials with new properties decides on the development of engineering innovations. The 
first attempts to machine metals by the electrical discharge were made in the 1930s, however the origin of 
such approach dates back to 18th century, to John Priestley who discovered the erosive effect of the electrical 
discharge. In 1946 B.R. Lazarenko and N.I. Lazarenko patented industrial scale electro-spark maching tools. 
Since then, research into electrical erosion physics has focused on two areas: removal machining (EDM - 
Electro-Discharge Machining) and increment machining (ESA - Electro-Spark Alloying). The specific variant of 
ESA was developed: the electro-spark deposition (ESD) and has found recognition as a cheap method to 
transfer a material of an electrode onto the surface of machined material utilizing concentrated energy flux. It 
allows enhancing properties of the material surface layer. 

The direction of a material transport depends on the polarity of electrodes: eroded material is transferred from 
the anode to the cathode and a new coating is formed on the surface of the cathode. Thus, in ESA/ESD 
machining process the electrode is anode and machined material is cathode. The ESA/ESD process is usually 
used to make a coating to protect new elements or recover worn elements. The robustness for wearing may 
be significantly enhanced by deposition of a material with greater hardness on the surface of machined element 
[1]. Unfortunately, an undesirable side effect of ESD is a surface with high roughness. The possible solution 
leading to the lower roughness is a specific point-localized melting induced by a high energy impulse of the 
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laser beam (LBM - Laser Beam Machining). This melting changes microgeometrical and physical properties 
of a surface layer [1]. 

Two parameters controlling LBM process were investigated. The first factor was the cavity diameter and the 
second factor was the level of blackening. The outcome of the analyzed process was the average friction 
coefficient determined on the tribological tester. The experiment was planned and conducted according the 
response surface methodology (RSM) [2] being a branch of the design of experiment (DoE). Originally the 
appropriate RSM mathematical model was identified and analyzed using classic statistical methods [2]. 

The formal RSM model includes the specific additive random term describing ‘noise factors’. The noise factors 
are the surrogate name for all uncontrolled process and environmental disturbances. The well-known 
parametric analysis and the least squares (LSQ) estimation assumes that the joined effect of noise factors is 
described by the normal distribution with the mean of zero value and the unknown variance. The remain part 
of the analysis procedure bases on this assumption and leads to the uncertainty of the obtained results 
described by t Student distribution [2]. Many observations supported especially by box-plots reveals that such 
assumption is poorly met [3, 4] and thus the description of the results uncertainty made by t Student distribution 
may be unreliable [5-8]. The solution of such problem are analytical procedures weakly related to the specific 
probabilistic distribution and under the common name ‘non-parametric methods’. This set of methods includes 
among others solutions based on ranks e.g. Kruskal-Wallis ANOVA, solutions based on re-sampling e.g. 
Efron’s bootstrap or the specific solution based on Wilkes’s theorem i.e. Owen’s empirical likelihood ratio. 
However both solutions, Efron’s and Owen’s base on an intensive numerical computations but Efron’s solution 
is easy to implementation while Owen’s rather not. The non-parametric methods are especially useful for the 
fuzzy approach which is very suitable for vague data, uncertain data or incomplete datasets. 

The following sections will discuss and apply the bootstrap method to analyze differences between uncertainty 
of the model parameters obtained from the classic analysis (based on the weak assumption of the normality) 
and from the bootstrap (without the assumption of the normality). 

2. MATERIALS 

Commercially available rings (diameter 37mm, internal diameter 26.5 mm, thickness 8 mm) for front sealing 
sintered from SiC were textured by a laser beam. Regularly gridded crater-shaped cavities appeared after 
texturization (Figure 1).  

 

Figure 1 The texturized surface at 500x magnification 

The rough surface was treated by means of lapping and superfinishing. This process led to obtain flat and 
hard areas allowing to transfer normal loads. Hydrodynamic forces were generated by neighboring cavities 
during a liquid lubrication and such surfaces may be used in sliding friction pairs. Ring surfaces texturized by 
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LBM were investigated on the tribological tester T-01M. The coefficient of a friction was measured as an 
outcome. The stem of the tester was replaced with a specifically cut bearing ball. 

The central composite experimental design was used to plan the whole experiment. Two factors (the cavity 
diameter and the level of the blackening) were used at 5 levels each. The experimental design included 9 
different treatments and 5 replication in the center treatment to evaluate the pure error i.e. the realization of 
the random term. The outcome dataset included 13 values of the friction coefficient mean. 

3. METHODS 

3.1. Boostrap approach 

The bootstrap method [9] bases on processing of the dataset iteratively re-sampled from the original raw 
dataset. The idea of the method is presented in Figure 2. 

 

Figure 2 The scheme of the bootstrap method based on residuals 

The key issue in the bootstrap is to make a proper identification of the random term built into the analyzed 
process. The main assumption of the bootstrap is focused on this term: its realizations should be independent 
and identically distributed (acronym i.i.d). In the designed experiment where a model is built according to the 
assumed cause-and-effect relationship, usually an error of the model (difference between prediction and 
measurement) is treated as a realization of i.i.d term.  

It leads to the following algorithm: process a raw dataset, identify parameter of an assumed model, evaluates 
its errors and next iteratively randomly draw new errors dataset from the original errors dataset, add them to 
original predictions generating bootstrapped predictions, identify the bootstrapped model and process it further 
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collecting obtained results. After a large number of iterations, collected results may be evaluated by statistical 
methods resulting in a whole distribution instead of the one number as in classic approach. 

3.2. Predictive model 

The predictive model was selected as a full-quadratic with additional two-way interaction. The model has the 
following formula: 

  
(1) 

where: yi - measured value of the average friction coefficient;   - constant value; A - main (linear) effect the 
cavity diameter; B - main (linear) effect of the blackening; AB - two-way interaction of A and B factors; 
AA - quadratic term of A factor; BB - quadratic term of B factor. 

4. RESULTS AND DISCUSSION 

The analysis of the raw dataset and removing of the insignificant terms led to the base model presented in 
Table 1. The whole response surface is presented in Figure 2. The coefficients of the model are reported for 
coded factors i.e. scaled into range -1.414…1.414 to avoid undesirable numerical errors during calculations. 

Table 1 Model parameters and their statistical significance for coded factors 

 Parameter Std. dev. 

Constant 0.0915 0.0044 

A 0.0040 0.0033 

B -0.0032 0.0034 

AB -0.0012 0.0044 

AA -0.0092 0.0034 

BB 0.0086 0.0035 

 

Figure 3 Response surface plot for the identified model 

y A B AB AA BB     
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The bootstrap was performed for 10000 iterations, because such a number allows easy identification of bounds 
for 95% confidence interval (located at 250 and 9750 positions inside sorted dataset columns). The yielded 
statistics for the model constant and effects are presented in Table 2 simultaneously with values obtained from 
classic parametric analysis. Tests of the normality were rejected for constant, B, AA and BB term. The terms 
for A and AB were not rejected however at very low p-Value: 0.077 and 0.76, respectively. It reveal that classic 
assumption of normality is usually not met and bootstrap based results and more reliable in this context. 

Table 2 Comparison of the statistics of the model constant and parameters obtained from the classic  
               analysis and the bootstrap simulation 

Model term 
Mean -95%CI +95%CI 

classic bootstrap classic bootstrap classic bootstrap 

Constant 0.0915 0.0914 0.0793 0.0742 0.1037 0.1073 

A 0.0040 0.0011 -0.0052 -0.0119 0.0131 0.0140 

B -0.0032 0.0001 -0.0187 -0.0122 0.0004 0.0117 

AB -0.0012 -0.0011 -0.0126 -0.0181 0.0061 0.0153 

AA -0.0092 -0.0092 -0.0010 -0.0222 0.0183 0.0029 

BB 0.0086 0.0092 -0.0134 -0.0043 0.0111 0.0220 

5. CONCLUSIONS 

1) The bootstrap approach revealed that the normality assumption assumed in the classic approach is met 
in this data and cannot be set as a base for reliable statistical inference. 

2) The yielded values obtained from the bootstrap approach are consistent with means obtained from the 
classic approach however bounds of the confidence intervals differ even up to 46%. 

3) Further analysis should concentrate on more subtle non-parametric analytical techniques like Owen’s 
empirical likelihood ratio to obtain more accurate bounds and regions of confidence. 

4) Similar approach may be used in the other domains of materials science analysis where the normality 
assumptions is rather weakly satisfied e.g. 3D analysis based on SEM preparations [10], piezoelectric 
actuators [11, 12], vibrations in conical shells [13] or the powder metallurgy [14, 15]. 
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Abstract  

This research paper deals with an effect of injection mold core/cavity surface and their additional treatment on 
selected optical properties and surface quality of these tool parts. Used mold cavities were made from tool 
steels 1.2343 (chromium-molybdenum-vanadium-silicon steel with good hardenability) and 1.2083 (martensitic 
steel with high chromium content), their surface was polished to the roughness of Ra = 0.08 microns 
(manufacturer guaranteed mirror finish). For purposes of an experiment, injection mold with interchangeable 
core/cavities was designed and manufactured. Subsequently, simple shape cavities were manufactured 
(plates with dimensions of 120 x 120 mm) and further were provided with a specific coating in order to change 
surface properties. In total, three types coatings were applied; CrN, AlTiN and hydrogenated a-C:H coatings. 
All cavities were measured using 3D non-contact roughness tester in different areas in cavity (totally 8 areas 
per cavity were selected in various distances from polymer inlet). Specifically, surface gloss under different 
reflection angles with respect to coating or tool steel type was evaluated from optical properties. The results 
show that the additional surface treatment of injection mold cavity with coatings can reduce the values of 
roughness parameters, however, affect the level of core/cavity gloss. 

Keywords: Injection mold, coating, surface gloss, surface roughness, mold cavity 

1. INTRODUTICTION  

In tool designs for plastic processing various materials are used. While for low-batch production the tools are 
made from aluminum or copper alloys in mass production tools from steel are preferred. Steel is made by 
simply adding a small percentage of carbon to iron ore. To improve final properties of steel alloying elements 
are added. The list of most important element in tool steel is listed in Table 1. [1, 2] 

Table 1 Alloying elements and their effect on steel properties [1, 3] 

The Element The Effect 

Carbon 0 - 0.765 % - linear increment of hardness,  
0.766 - 2.14 % - dominant increment of wear 

Manganese Increases deeper hardening abilities 

Silicon Adds strength and toughness 

Chromium Adds wear resistance, toughness and corosion resistance 

Nickel Adds toughness and some wear 

Tungsten Adds wear resistance   

Vanadium Refines grain structure 

Molybdenum Adds heat resistance and hardenability 

Sulfur, Lead, Phosporus, Calcium Imparts better machinability 
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In plastic processing the high temperature of plasticized material, corrosion and high abrasion by fillers may 
leads to damage of tool surface. The optimization of properties of martensite matrix and type and distribution 
of hard particles is required. For improvement of surface wear resistance e.g. PVD coating or hard chroming 
is used. [4, 5] 

Wear of steel during injection molding is not a simple function of surface hardness, but it is more complex 
issue (Figure 1). [6] Therefore for optical parts it is necessary to obtain as high surface resistance as possible 
to avoid any scratches and decreases of gloss.  

 
Figure 1 Volumetric wear of selected tool steels [6] 

The aim of presented paper is to investigate the influence of PVD/PACVD coatings on surface roughness 
parameters and specular gloss of injection cavities. The possibility to replace usually used tool steel by another 
conventional tool steel without a need of cavity coating for specific plastic production with respect to mentioned 
properties is also evaluated. 

2. MATERIALS AND METHODS 

For cavities of the injection molds used in the research, 1.2343 tool steel is very often used, however from the 
point of view of the material composition (low Cr content), it is not suitable for the injection of aggressive 
plastics (e.g. PVC and PC). As an alternative to this steel type, 1.2083 mold steel, which contains more than 
12% Cr, was chosen due to its structure and excellent polishability. 

All coating types were applied to the polished surface of mold cavities with the roughness of approximately Ra 
= 0.08 μm, manufactured from 1.2343 mold steel. From all available coating types, applied by CVD, PACVD, 
and PVD technologies, were based on recommendations selected three types of coatings. First type was CrN 
coating of silver grey color with coating temperature from 150 to 450 °C. AlTiN violet color coating with 
application temperature of 600 °C was selected on a second place. Last coating type was hydrogenated a-
C:H coating of black color with coating temperature between 160 - 300 °C. Selected properties of used coating 
are given in following table (Table 2). 

Table 2 Selected properties of individual coating types [8] 

Cavity material / coating type Micro hardness  
HV 0.025 

Coating thickness (µm) Friction coefficient (-) 

1.2343 tool steel - - - 

1.2083 tool steel - - - 

1.2343 + CrN coating 1500 - 2500 1 - 10 0.4 

1.2343 + AlTiN coating 2500 - 3500 1 - 6 0.4 

1.2343 + a-C:H coating 2000 - 4000 1 - 3 0.05 - 0.15 
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Figure 2A contains injection mold insert with two highly polished mold cavities. Moreover, Figure 2B shows 
the mold cavity sample and eight locations (green rectangles) on which 3D roughness measurements were 
conducted. Two areas, namely number 1 and 8, i.e. the area closest (1) and the farthest (8) area from the 
polymer inlet into the cavity (blue arrows) were selected for the evaluation. Furthermore, red rectangles depict 
areas of surface gloss measurements.  

   

Figure 2 Injection mold; A) Mold insert with two cavities, B) Single mold cavity 

Surface quality measurement was performed and evaluated according to EN ISO 4287 on 3D device Talysurf 
CLI500 having the resolution of 1 nm using the Taylor Hobson software. For the measurement, eight areas 
with dimensions of 27.5 x 7.5 mm were selected, where these locations were at different distances from the 
polymer inlet (film gate system). The measurement itself was carried out at a speed of 500 μm / s, where the 
total measuring time of one area was approximately 5 hours. Totally three surface roughness parameters were 
evaluated; Ra (µm) - arithmetical mean roughness value, Rz (µm) - greatest height of the roughness profile, 
and RSm (µm) - mean peak width.  

Surface gloss (specular gloss) measuring was performed and evaluated according to ASTM D523 and D2457 
using NHG268 gloss meter of 3nh Company. This device enables to measure specular gloss at three 
measurement angles: 20°, 60°, and 85°. All gloss test were conducted at room temperature of 28 °C, at normal 
daylight. Measuring areas differ for individual angles, gloss meter measures at area of 10 x 10 mm for 20°, 9 
x 15 mm for 60°, and 5 x 36 mm for 85°. Every area on cavity (also in total 8 areas per cavity) was tested five 
times. [7]  

3. RESULTS AND DISCUSSION 

Results from 3D roughness measurements are depicted in tables in Figure 3. Term 1-EW (East-West) 
corresponds to the arithmetic mean of the measured results in the x-axis, while 1-NS (North-South) shows the 
results for y-axis measurements. Comparing results for both tool steels, it is apparent that 1.2083 tool steels 
achieves using the same technological operations better values for all roughness parameters, especially in Rz 
parameter obtained in the x-axis in areas closer to the polymer gate system (1-EW). An interesting fact is that 

A) 

B) 
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using the same production technologies and process conditions result in different parts of the same simple 
shape cavity into different roughness - Ra (cavity of 1.2343 tool steel), when the values of this parameter 
varies by nearly 1/3.  

  

  

 

Figure 3 Results of 3D roughness measurements 

However, the main task was to compare the influence of various coatings on the roughness parameters applied 
on same base material (1.2343 tool steel). Only minimal change in Ra parameter was identified for cavity with 
CrN coating, whose measured parameters are worse than those measured for cavity manufactured from 
1.2083 mold steel. The Ra parameters varied up to a maximum of approximately 15 %. A more significant 
improvement in surface roughness parameters was observed for the cavity with a-C:H coating, where Ra 

Mean Std. Dev. Min Max
Ra 0.324 0.029 0.241 0.395
Rz 1.574 0.139 1.151 2.054
RSm 0.379 0.027 0.315 0.477
Ra 0.482 0.295 0.131 1.141
Rz 2.617 1.478 0.799 5.767
RSm 0.154 0.016 0.112 0.222
Ra 0.271 0.021 0.218 0.325
Rz 1.382 0.103 1.103 1.665
RSm 0.300 0.015 0.257 0.351
Ra 0.274 0.074 0.158 0.508
Rz 1.576 0.414 0.888 2.909
RSm 0.150 0.014 0.110 0.209

8 - NS

 1.2343

1 - EW

1 - NS

8 - EW

Mean Std.Dev. Min Max
Ra 0.121 0.014 0.086 0.147
Rz 0.647 0.086 0.440 0.823
RSm 0.207 0.010 0.178 0.231
Ra 0.131 0.025 0.091 0.428
Rz 0.819 0.173 0.558 2.739
RSm 0.124 0.016 0.089 0.204
Ra 0.236 0.023 0.194 0.315
Rz 1.267 0.126 0.996 1.874
RSm 0.203 0.009 0.176 0.231
Ra 0.211 0.035 0.140 0.518
Rz 1.273 0.230 0.779 3.115
RSm 0.145 0.013 0.111 0.190

8 - EW

8 - NS

 1.2083

1 - EW

1 - NS

Mean Std. Dev. Min Max
Ra 0.254 0.016 0.216 0.312
Rz 1.398 0.120 1.130 1.858

RSm 0.207 0.009 0.182 0.233
Ra 0.219 0.021 0.163 0.448
Rz 1.318 0.194 0.958 2.743

RSm 0.157 0.013 0.123 0.209
Ra 0.260 0.019 0.206 0.316
Rz 1.453 0.138 1.091 2.102

RSm 0.207 0.010 0.182 0.240
Ra 0.224 0.020 0.176 0.508
Rz 1.380 0.195 0.998 3.253

RSm 0.158 0.013 0.121 0.211

 1.2343 + CrN 
coating

1 - EW

1 - NS

8 - EW

8 - NS

Mean Std. Dev. Min Max
Ra 0.114 0.022 0.057 0.137
Rz 0.485 0.097 0.319 0.985

RSm 0.210 0.011 0.190 0.256
Ra 0.079 0.007 0.060 0.136
Rz 0.469 0.073 0.343 1.131

RSm 0.169 0.017 0.124 0.248
Ra 0.164 0.024 0.103 0.239
Rz 0.890 0.145 0.554 1.581

RSm 0.213 0.010 0.187 0.251
Ra 0.140 0.026 0.094 0.293
Rz 0.837 0.188 0.494 1.912

RSm 0.162 0.016 0.121 0.236

 1.2343 + AlTiN 
coating

1 - EW

1 - NS

8 - EW

8 - NS

Mean Std. Dev. Min Max
Ra 0.164 0.031 0.098 0.228
Rz 0.967 0.181 0.562 1.429

RSm 0.213 0.010 0.187 0.246
Ra 0.141 0.014 0.105 0.222
Rz 0.903 0.143 0.586 1.991

RSm 0.162 0.014 0.122 0.222
Ra 0.163 0.031 0.107 0.219
Rz 0.956 0.185 0.620 1.380

RSm 0.214 0.011 0.187 0.239
Ra 0.142 0.017 0.105 0.222
Rz 0.915 0.176 0.586 1.860

RSm 0.161 0.013 0.136 0.213

 1.2343 + a-C:H 
coating

1 - EW

1 - NS

8 - EW

8 - NS
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roughness was improved, i.e. reduction of nearly 30 % in roughness was identified. The same reduction is 
also apparent for Rz parameters. After application of coating on the mold cavity, the lowest values of surface 
roughness parameters were measured for cavity coated with AlTiN. In this case, roughness reduction of up to 
50 % was measured, which is a significant improvement in surface quality. 

The values of surface specular gloss measured at three different angles are showed in tables in Figure 4. 
Based on obtained values, it was confirmed that for highly polished surfaces it’s necessary to measure at the 
highest possible measurement angle on device (in our case - 85°). As can be seen from the tables  
(Figure 4), higher specular gloss was identified for steel 1.2083 compared to 1.2343 steel using identical 
production technologies and parameters. The lowest reduction in surface gloss after application of coating 
(about 10 %) is evident for CrN-coated cavity. Furthermore, coated cavity, for which the lowest surface 
roughness was measured (1.2343 + AlTiN coating), showed the reduction of gloss in comparison to an 
uncoated cavity by almost 15 %. The lowest values of specular gloss were measured for a-C:H coated cavity, 
where the decreased by almost 20 % to an average of 97 GLU in comparison to the uncoated cavity was 
identified. 

  

  

 

Figure 4 Results of specular gloss for individual mold cavities in GLU (Glass Unit) 

4. CONCLUSION 

In the research, application of selected coating types in injection mold cavities and their influence on surface 
roughness parameters and optical properties (specular gloss) has been evaluated. The results indicate that 
traditionally used tool steel is replaceable at almost the same cost by highly polished steel without the need to 

Mean Std. Dev. Min Max
20° 927,4 17,1 902,1 950,0
60° 514,5 2,6 509,7 517,5
85° 118,7 3,1 113,5 121,3
20° 967,7 17,7 939,7 992,3
60° 529,5 1,6 526,9 531,3
85° 121,9 0,5 121,4 122,6

 1.2343

1

8

Mean Std. Dev. Min Max
20° 1069,0 34,3 1015,0 1115,0
60° 550,6 1,2 549,0 552,3
85° 121,5 0,4 121,1 122,1
20° 955,8 14,7 940,1 978,2
60° 537,6 1,4 535,8 539,8
85° 127,2 1,2 125,0 128,6

8

 1.2083

1

Mean Std. Dev. Min Max
20° 387,7 12,8 371,1 402,1
60° 303,2 2,3 300,1 306,6
85° 107,7 0,2 107,5 107,9
20° 429,5 105,8 343,7 637,7
60° 300,1 4,3 295,0 306,1
85° 107,2 0,2 107,0 107,6

 1.2343 + 
CrN 

coating

1

8

Mean Std. Dev. Min Max
20° 171,5 14,3 151,4 194,2
60° 164,4 6,9 153,8 174,5
85° 102,5 0,7 101,5 103,4
20° 178,9 20,7 138,1 196,2
60° 172,9 8,1 156,7 177,5
85° 103,7 0,3 103,5 104,2

1

8

 1.2343 + 
AlTiN 

coating

Mean Std. Dev. Min Max
20° 138,6 9,0 122,7 148,7
60° 132,2 4,0 124,4 135,9
85° 96,4 1,8 93,0 98,0
20° 148,7 15,8 129,3 172,1
60° 137,9 7,3 130,8 149,2
85° 97,1 0,9 95,7 98,2

 1.2343 + 
a-C:H 

coating

1

8



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1263 

use modern coatings. On the other hand, as was already mentioned, PVD/PACVD coatings can affect many 
other parameters, such as plastic product demolding, sliders sliding properties, etc. Surface roughness 
measurement using 3D method showed that AlTiN and a-C:H coatings change cavity roughness parameters 
-> improve surface quality. On contrary, CrN coating applied on cavity did not bring a significant change in 
quality. In the case of optical properties, namely specular gloss changes, it has to be stated that the application 
of coating into the cavity of the injection mold reduces its specular gloss and hence the gloss of resulting 
polymeric part. 

In order to apply results in practice and make final conclusions, it is necessary to focus research on the plastic 
parts itself and determine to what extent the selected coatings applied in the mold cavity affect the surface 
quality and gloss of these products. 
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Abstract  

In the article, the authors attempted to quantify description of the Al2O3/WS2 oxide layers. The description were 
carried out using image analysis and stereological methods. Objective and precise analysis of the surface 
topology aim to characterize the Al2O3/WS2 oxide layers obtained by hard anodizing process on an aluminum 
alloy in differ temperature and different current density. The addition of WS2 to acid bath reduces the friction 
coefficient of Al2O3/WS2 - PEEK/BG friction pair. The characteristics of matrix of Al2O3 nanofibers with dispered 
WS2 phase were performed using scaning electron microscopy and X-ray structural studies. Quantitative 
description of the surface with set of parameters describing topology of the surface after friction test had aimed 
to analyse the wear process and assess the parameters which effects on it.  

Keywords: Image analysis, stereology, alumina coating films, tungsten disulfide, wear mechanism 

1. INTRODUCTION  

Computer aided material design and analysis is not a novel. Number of variety software assist the scientists 
in every stage of material research projects, increasing precision, and decreasing time for data analysis, allow 
to simulate experiments, and predict its properties [1-5]. Computer image analysis is one of tools of computer 
aided material design systems. Stereology working out methods for analysis and interpretation three 
dimensional objects on basis of its two-dimensional cross sections [6]. Combination the stereology methods 
with digital image processing give an opportunity for fast, objective and repeatable analysis of even 
sophisticated microstructures [7]. Still many kinds of structure are difficult to describe quantitatively due its 
characteristic difficult to define image like images of Al2O3/WS2 oxide layers. Reilable quantitative and 
qualitative analysis of the objects strongly depend on the quality of its image, due to influence the occurrence 
of distortions in the image, such as for instance, noise, the contrast between the subject and the background. 
Some distortion of the images may be easily reduced, and some, is its saturation is to high may even induce 
completely erroneous results. When on the image is impossible to carry out the detection of single objects due 
to its specific view, conventional approach to analysis of the object, by its detection and measures must be 
replaced by global analysis of conglomerate of objects. For this kind of analysis, texture analysis algorithms 
are useful, because the analyze the topology of image, and describe its irregularity by set of parameters. 
Analysis of the surface by texture algorithm, allow to comparing the set of the images presented materials with 
different technology parameters, and differentiate them. An attempt to prove the relationship between surface 
characteristics using texture operators and friction mechanisms was undertaken by the authors and presented 
in this article. 

2. RESEARCH MATERIAL  

Set of 8 samples of AL2O3/WS2 were prepared due to attempt the quantitative discribtion the surface after 
tribology test (Table 1). The parameters of anodix oxidation were differentiated in order to work out optimal 
parameters of the process for parameters of the surface layer and its tribology properties. Hard anodizing 
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process was performed on an aluminum alloy EN - AW - 5251 made by PN-87/H-92741/01-03. Anodic 
oxidation was carried out with GPR-25H30D feeder cable. Aluminium rectangular plates of the field of 10-2 
dm2, underwent etching in 5 % KOH and 10 % HNO3, in order to remove soil on the surface prepared for 
anodizing. A lead plate of the same work surface was the cathode of the system. Oxidation was carried out in 
a water electrolyte consisting of sulfuric 18 % (33 ml / l), oxalic (30 g / l) and phthalic acids (76 g / l). The 
Al2O3/WS2 layers were formed through adding 0 and 30 g of 2H-WS2 powder (Aldrich - Sigma, grain size <2 
µm) per liter of pure electrolyte. The anodizing process was realized in 293, 298 or 303 K temperatures, with 
current density of 4 A / dm2 with different electrolysis time. 

Table 1 Parameters of tested oxide layers formation 

Samples WS2 amount (%) Oxidation temperature (°C) Oxidation time (min) 

2A4C 0 30 60 

2D4A 30 20 60 

2D3A 30 20 80 

2D3B 30 25 80 

2D3C 30 30 80 

2D2C 30 30 120 

2D4B 30 25 60 

2D4C 30 30 60 

 

 
(a) 

 
(b) 

Figure 1 SEM images of the Al2O3/WS2 presented tested structure (a) 100x, (b) 500x 

3. IMAGE ANALYSIS METHOD 

In general the purpose of computer image analysis of the microstructure is to deliver quantitative description 
of chosen elements on the images. In this study the task of selecting the objects for analysis was difficult in 
order to specific image of the surface layer, where there are not any clearly defined structure elements.  Thus, 
first it was needed to find some distinguishable features on the image of analyzed surface layer, which would 
help to track the changes in the surface introduced by different preparation parameters, like oxidation time or 
oxidation temperature. As can be observed on Figure 1, the surface layer view presents an image of pores. 
Unfortunately the contrast between the image of individual pore and the background is low. Therefore the 
edges of the majority of pores are unclosed, discontinuous. Standard stereological analysis of porosity involves 
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detecting pores and assessing their morphological characteristics such as size, shape, number, spatial 
arrangement. Standard approach disqualified and rejected tested images due to their low quality for analysis.   

Therefore classic stereology’s methods was discarded and attempted to carry out global analysis of the images 
considering images of surface layer as texture image. In order to quantify the images two approaches of texture 
analysis methods have been applied. There is no strict texture definition, but this feature of the images is 
naturally perceived and recognized by humans. Texture description may be carrying out using structural, 
statistical, model-based and transforms methods. Structural approach use well defines primitives to represent 
texture [8, 9]. Statistical approaches represent texture indirectly by the non-deterministic properties that 
describe distribution and relationship between the gray levels of an image. An example of method based on 
the second-order statistics (i.e. statistic given by pairs of pixels), is method indicating texture descriptors from 
the co-occurrence matrix [8]. This method found its application in classification of medical images. Transform 
methods based on processing and analysis images in the frequency domain, for instance Fourier, Gabor, 
wavelet transforms [9-11].   

First approach of texture analysis carried out for tested images was structural approach. Since pore analysis 
cannot be performed, the perforations of the visible peaks, named by authors as “pore ridges,” were detected 
(Figures 2 and 4a). On the friction area detection of the darkness part (sliding film filling pores, named for 
analysis purpose “sliding film”) was performed (Figures 3 and 4b). Due to carry out detection, some image 
processing was carrying out. Median filtering reduced noise and contrast enhancement was obtained by 
histogram equalization [12]. Histogram equalization caused a significant increase of contrast, thus exposure 
previously invisible details on images. In order to “pore ridges” detection, automatic binarization according to 
Otsu was preceded. Due to reduce the artefacts caused by noise or uneven background, morphological 
correction was done [13, 14]. Morphological correction was carried out by opening, closing and hole filling 
operations. Volume fraction (Vv) of “pore ridges” area and on the images of surface layer after friction the area 
of visible “sliding film” was indicated.    

A statistical approach of analysis was also performed, using a method dedicated to texture description, 
Haralick's method. Analysis of texture features on tested images was performed using Haralick’s descriptors, 
like for example contrast, entropy, energy, moments, which inform us about image contrast or homogeneity of 
the texture [15]. Texture analysis was carried out on the images without quality enhancement, but after median 
filtering.  

  
Figure 2 Visual example of detection of pores of 

ridges before tribology test on sample 2A4C 
Figure 3 Visual example of detection of sliding film on 

surface layer after tribology test on sample 2A4C 
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(a)

 
(b)  

Figure 4 Graphic presentation of detection result of specific area of surface layer (a) before tribology test 
(“ridge“), (b) after tribology test (“sliding film”) on sample 2D3A  

4. RESULTS 

Set of 8 images representing different samples with Al2O3/WS2 produced in different parameters (Table 1). 
Surface layer was observed on SEM with 500x magnification. Images processing and analysis was carried out 
using Aphelion 4.2 software. Obtained results of images quantitative analysis were presented on the charts 
below (Figures 5 - 10). Results for analysis SEM images with 100 magnifications due to high dispersion of 
results were not considered. 

In the Figures 5 - 8 the 2A4C sample is shown as reference sample [16] for the rest of presented samples in 
this paper. Wear mechanism of presented samples was shown by authors in [17]. The goal of comparision of 
texture, presented in this article, is an attempt to discribe new tool which can help to show the difference in 
samples obtained in variety technology conditions.  

  
Figure 5 Comparison the surface layer before 

(“pores ridges”) and after (“sliding film”) tribology test  
Figure 6 Description the surface layer structure by 

chosen Haralick’s texture descriptors  

  
Figure 7 Comparison the surface layer before (pores 

ridges) and after (sliding film) tribology test  
Figure 8 Description the surface layer structure by 

chosen Haralick’s texture descriptors  
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Figure 9 Comparison the surface layer before (pores 

ridges) and after (sliding film) tribology test  
Figure 10 Description the surface layer structure by 

chosen Haralick’s texture descriptors  

The authors belived that further texture comparision could be also of help to determine degree of tribological 
wear of counter body and hence nature of friction process. In Figures 5 and 7 the comparisons of the surface 
layer before (“pores ridges”) and after (“sliding film”) tribology test for samples obtained in different temperature 
are shown. The main difference in technological process between samples presented in Figure 5 (2D4A, 
2D4B, 2D4C) and in Figure 7 (2D3A, 2D3B, 2D3C) is time of oxidation. For first group of samples time was 
60 minuts for the second one 80 minutes. As is visible for each of samples (exeption 2D3A sample) the same 
trends of Vv parameters have been seen - the Vv “sliding film“ is higher then Vv pores ridges. The same 
tendency of Vv parameters have been seen for samples in Figure 9. This may be due to the fact that in 
computer image analysis it is easier to determine the volume of craters on the surface after the tribological test 
than before the test. This notice is also consistent with the observations generated by computer analysis of 
the areas in Figures 2 and 3. From the Figures 5 and 7 it is also possible to determine volumetric contribution 
of sliding film, which has been tamped / inserted into the craters of the structure during the friction process. 
From the practical point of view it could be usful also for indicate the volume share of containers e.g. for solid 
lubricants on surface [17]. The presented observations for 2D4B, 2D4C, 2D3B and 2D3C samples are 
according with the results obtained by authors [16]. In the citated research the wear intensity of counter body 
was higer for 2D4C and 2D3C compare with 2D4B and 2D3B, respectively. That results are accoring with bar 
charts presented for mentioned samples (Figures 5 and 7) in this article - for a higher oxidation temperature 
the Vv sliding film on surface increased, as well (as was shown in [17]) as incresed the wear intesity of counter 
body. In Figures 6, 8 and 10 the descriptions the surface layer structure by chosen Haralick’s texture 
descriptors on images x500 were shown. The values of that parameters indicate the comparability of the 
presented surface textures. 

5. CONCLUSION 

Objectification of the analysis the results of scientific experiments, as well production quality control are crucial 
for verifying hypothesis and seeking the failure in actual procedures. Quantitative analysis of material structure 
applying image processing techniques and measurements algorithms is essential tool to evaluation as it was 
presented in this paper. Texture description carried out by two methods - structural, which consider the 
detected features of both type of surface layer, and statistical, by Haralick’s descriptors, confirmed each other, 
as well as the hypothesis of the authors presented in previous papers [16-18]. Further investigation should 
include additional image analysis techniques especially 3D [19] possible to acquire from a computer micro-
tomography with a specific preparation [20, 21]. Finally, the process of image analysis, even automated, need 
to include a human factor to select objects and this fact and possible related human errors should be 
considered during a further analysis [22]. It unavoidable will lead analytical techniques to the fuzzy approach 
[23-24]. In summary, the proposed approach of surface layer analysis as textures will yield satisfactory results 
and will be further developed by the authors. 
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Abstract  

The thermal spraying of metallic coating (zinc, Zn-Al15, etc.) from wire is suitable technique for surface 
treatment corrosion protection of large structures. This study was carried out to investigate and evaluate the 
properties of zinc coatings affected by spraying techniques - heated by electrical arc or flame. The panels with 
different coatings were exposed at atmospheric and accelerated tests. The article gives the overall evaluation 
of properties of these coatings. 

Keywords: Thermally sprayed coating, structure, adhesion, corrosion 

1. INTRODUCTION  

The thermal spraying of metallic coating (zinc, aluminium, alloy Zn-Al15, etc.) is suitable technique for surface 
treatment corrosion protection of large structures. Metal wire is fed in a nozzle where it melts. The as formed 
metal droplets are accelerated by the gas stream and strike the surface of the substrate. It cools down rapidly 
in contact with the steel surface and built coherent and structured coating. Various technologies can be used 
to deposit the appropriate surface protection that can resist under specific conditions. 

In classical (developed between 1910 and 1920) but still widely used flame spraying technique, the particle 
velocities are generally low (< 150 m·s-1), and raw materials must be molten to be deposited. Flame 
temperatures and characteristics depend on the oxygen-to-fuel gas ratio and pressure. The process is less 
tolerant to inadequate surface preparation than electric arc spraying. 

Electric arc spray is a form of thermal spraying where two consumable metal wires are fed independently into 
the spray gun. These wires are then charged and an arc is generated between them. The heat from this arc 
melts the incoming wire, which is then entrained in an air jet from the gun. This entrained molten feedstock is 
then deposited onto a substrate. Electric-arc spray offers advantages over flame spray processes. In general, 
theoretically, it exhibits higher bond strengths - adhesion. Substrate heating is lower than in flame spray 
processes due primarily to the absence of a flame touching the substrate. The electric-arc process is in most 
instances less expensive to operate than the other processes.  

  
flame spray process electric arc spray process 

Figure 1 Process of heating at of wire  
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Material consumption and covering rate for these two spraying techniques were compared - Table 1. 

Table 1 Typical spraying parameters 

technique flame sprayed arc sprayed 

coating metal zinc aluminium alloy Zn15Al zinc aluminium alloy 
Zn15Al 

material consumption (kg.m-2) 1.33 0.80 1.0 1.80 1.46 1.31 

covering rate (m2.hrs-1) 6 2.5 5 18 5 21 

Note: The Zn and Zn-Al15 coatings were applied in 100 μm thickness, Al coating was applied in 200 μm thickness to 
obtain the same corrosion protective efficiency - see below.  

The basic requirements of these coating are given in standard ISO 2063 which is under revision (FDIS in 
03/2017): 

 ISO 2063 - 1 Part 1: Planning of the corrosion protection system - Component design considerations 
and quality requirements 

 ISO 2063 - 2 Thermal spraying - Metallic and other inorganic coatings - Zinc, aluminium and their alloys 
- Part 2: Conditions for execution of corrosion protection works by thermal spray processes 

A high standard of surface preparation is required to develop the optimum thermo-mechanical bond required 
for metal sprayed coatings. Steel surfaces to be arc sprayed with zinc or aluminium or to be flame sprayed 
with zinc should be abrasive blast cleaned to at least Class Sa 2½ to produce a sharp angular profile of at 
least 50 µm. Steel surfaces to be flame sprayed with aluminium or aluminium alloys should be abrasive blast 
cleaned to Class Sa 3 to produce a sharp angular profile of at least 75 µm. On the surface with higher 
cleanness may be expected higher adhesion of thermally spray coating.  

The coating material and the required coating thickness are to be selected and specified concerning to the 
expected corrosivity, the required design life and construction design. Thermal spraying can provide thick 
coatings, approx. thickness range is 100 to 300 μm. Coating quality is usually assessed by measuring its 
porosity, oxide content, macro and micro-hardness, bond strength and surface roughness.  

The microstructure of the coating formed by the piling up of these particles depends on (i) particle impact 
parameters (particle temperature, molten state, velocity and size), (ii) substrate conditions (shape, roughness, 
surface chemistry...), (iii) the temperature control of substrate and coating before (preheating) during and after 
(cooling) spraying and (iv) the spray pattern.  

The flame sprayed coating displayed the lower adhesion value than the arc sprayed coating according to ISO 
2063-2 - Table 2. These values are specified in standard for the first time. 

Table 2 Typical values of the pull-off strength (MPa) 

coating metal flame sprayed arc sprayed 

zinc  5  6 

aluminium 10 10 

alloy 15Al85Zn 6.8 7.2 

There are available only a few empirical data about the corrosion resistance of these coatings in various 
atmospheric environment [1, 2]. In ISO 2063-1 there are reference to ISO 9223, ISO 9224 or ISO 14713-1, 
but the thermally sprayed coating have a very porous structure which affect he corrosion behaviour, too. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1272 

2. ALUMINIUM-ZINC THERMAL SPRAYED COATING CHARACTERISTICS 

In recent decades, binary zinc-aluminium (Zn-Al15) alloy coatings have been used instead of zinc and/or 
aluminium in most atmospheric applications. Alloyed zinc-aluminium coating is applied by an alloyed wire of 
85% zinc and 15 % aluminium by weight. The cross sections of the 85/15 coating lead to the discovery of a 
two phase, evenly distributed coating structure consisting of large elongated particles containing mainly 
aluminium surrounded by tiny particles of zinc. Aside from the benefits of having a dual phase coating 85/15 
sprayed by both flame and electric arc metalizing equipment produces a denser coating than pure zinc or 
aluminium.  

Zn-Al15 alloy coating on the steel has the same excellent electrochemical cathode protection features of 
thermal spraying Zn coating, but also has high corrosion resistance characteristics of thermal sprayed Al 
coating [3]. The zinc, aluminium and Zn-Al15 alloy coatings with coating thickness of 50, 100 and 150 μm had 
been exposed at accelerated laboratory corrosion test - salt spray test according to ISO 9227. The Zn-Al15 
alloy coating shows the best behaviour in this condition - Table 3. 

Table 3 Result of salt spray test - time to corrosion of substrate (red rust) occurrence (hrs) 

coating 
time (hrs) 

50 (μm) 100 (μm) 150 (μm) 

Zinc 300 600 1522 

Aluminium 540 -* -* 

Zn15Al alloy 492 1080 1716 

Note: Only white corrosion products formed. 

3. EXPERIMENTAL 

3.1. Material and methods  

Zinc coating was deposited on steel panels 150 x 100 x 3 mm. The substrate surface before deposition was 
grit blasted to create an anchor tooth profile, min. 75 μm. 

Alloyed coating was deposited using Zn-Al15 wire flame spray device (AD3 gas) - number 98 and electric arc 
device Margarido M45 - number 99. The thickness of the deposited coating was ca 120 - 130 μm. 

3.2. Atmospheric corrosion test  

Test site Kopisty, performed according to ISO 8565 is located in Northern Bohemia region, near to Most city, 
where heavy industrial pollution was in past (~ 100 μg SO2·m-3). On-site measurement of environmental data 
(temperature, relative humidity, rain, air pollution, etc.) was done during the exposure and statistically treated 
on yearly average values (Table 4). The atmospheric corrosivity of localities was regularly estimated according 
to ISO 9223 for zinc and aluminium, too. Based on coupons´ yearly corrosion loss, the corrosivity of 
atmosphere at the test site is estimated by degree C2 for zinc (4.69 g·m-2) and degree C1 aluminium  
(0.23 g·m-2) according to ISO 9223. 

Table 4 Selected average annual environmental parameters at test site 

T (°C) RH (%) SO2 (μg·m-3) NOx (μg·m-3) rain (mm) pH  of 
precipitation 

 10.1 76  17 26 527 5.4 
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3.3. Evaluation of exposed panels  

The samples had been visually evaluated after each years of exposure. The coating applied by flame spraying 
showed from the 1st year of exposure some visually non-uniformity - white spots. After 4 years of exposure the 
samples had been withdrawal for detailed evaluation. For clarification of the corrosion behaviour of the 
coatings, the corroded surfaces were examined with 3D digital microscope Keyence HVC-5000 (Figure 2). 
The microstructure of coatings was studied on cross sections of coatings (Figure 3). 

  

  
Figure 2 Details of Zn-Al 15 coatings after 4 years exposure- flame spray (left)  

and arc sprayed (right) 

The pull-off test was done for non-exposed and exposed coatings according to ISO 4624 by hydraulic pull off 
tester P.A.T. model GM01, Surftec of Table 5. 

Table 5 Adhesion of thermally sprayed coatings (MPa) 

coating non-exposed exposed 

flame sprayed 9.6 10.7 

electric arc 9.2 8.6 
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Figure 3 Microstructure of exposed coatings - flame spray (left) and arc sprayed (right) 

4. DISCUSSION 

The 4 years exposure in industrial atmosphere with ca 15 μg.m-3 of SO2 is not long enough to show some 
significant differences between corrosion resistances of thermally sprayed Zn Al15 coatings, but some first 
symptoms had been seen.   

As the surface of flame sprayed coating are rougher and porous the white corrosion products formed in pores 
of it (Figure 2).    

The adhesion values for thermally sprayed coating are newly specified in ISO 2063-2. Values measured on 
exposed panels show the adhesion of both coatings were higher than specified and slightly higher for flame 
sprayed coating. After 4 years the values changed minimally. 

5. CONCLUSION 

From corrosion laboratory and field tests and spraying parameters it can be conclude that Zn Al15 thermally 
sprayed coating is the more economical than double spraying of zinc and aluminum coats for long life corrosion 
protection. The results of describe tests of the spraying techniques on testing samples do not shown widely 
differences. 

For large structures with required long-term durability the thermally sprayed coatings followed by the 
application of paint systems. Several bridges in the Czech Republic were protected many years ago against 
corrosion by ZnAl15 thermal spraying + paint system (Plesna-Cheb, Ceske Budejovice-Dolni Dvoriste, Krimov-
Vejprty, Decin-Oldrichov, Usti nad Labem, etc.) without any failure of protective system.  
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Abstract 

The purpose of the study is to identify possible changes in different elementary powders (Al, Ti, Co, Cr, Ni, Fe) 
after being compacted by cold spray kinetic deposition. A deep analysis on the microstructure of the materials 
prior and after the deposition was performed through Scanning Electron Microscopy, Energy-Dispersive X-
Ray Spectroscopy, Electron Channeling Contrast, X-ray Diffraction, Differential Scanning Calorimetry and 
microhardness tests. 

The results indicate that there are noticeable alterations in the microstructure of the materials due to plastic 
deformation processes which occur during the cold spray deposition, within the material presented up to 58% 
increase in hardness. The bonding process is affected on cold sprayed samples depending on the chosen 
feedstock particles. The as-sprayed sample composition (ratio of elementary powder content) varies greatly 
when compared to the original one used for feedstock of pure powders. When the particles suffer heat 
treatment up to 750°C, solid state reactions were observed in the microstructure. 

Keywords: Cold-spray; multielementary powders; solid-state reaction; diffusion-controlled reaction 

1. INTRODUCTION  

The Cold Gas Dynamic Spray (CS) is an innovative coating deposition technique, presenting several 
technological advantages over thermal spray technology, since it exploits kinetic instead of thermal energy [1]. 
As the deposition is accomplished at the solid state, the coating has exclusive characteristics due to the 
prevention of local melting, unwanted chemical reactions, suppression of tensile residual stresses [2 - 3], and 
its elastic properties appear to be isotropic [4]. Especially, for metallic materials or composites, high-process 
temperatures could increase the amount of oxides embedded in the coating and therefore reduce their 
performance in technical applications [5], hence the fact that, in some cases, thermal spray could not be the 
best choice for deposition processes.  

The basic principle of the technique is that solid powders are accelerated toward a substrate over the sonic 
velocity, by a supersonic jet of compressed gas flowing through a de Laval nozzle. If the impact velocity 
exceeds a threshold value, particles undergo intensive plastic deformation and bond [6]. The temperature of 
the gas stream remains below the melting point of the deposited material. For a successful deposition, the 
geometry of the nozzle and the characteristics of the feedstock powders are essential to define the final in-
flight temperature and velocity of the sprayed particles, which are strictly related to the final properties of the 
coating microstructure [1,8]. A very small quantity of chemical reactions or phase transformations could be 
triggered due to the instantaneous heat generation at the moment of impact [8].  

The bonding process between the coating and the substrate and/or between the individual particles in 
deposition holds a great importance to the properties of the final microstructure and it could define the 
efficiency and quality of the deposition. Even though the literature is rich on information about the bonding 
process during the cold spray deposition, there are still some open questions such as the material behavior 
and efficiency of deposition of various kinds of particles in particle mixture under extreme deformation 
conditions. In this paper, several different powders were selected and mechanically mixed to prepare a coating 
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by cold spray deposition. The as-sprayed form of the coating was compared with the elementary powders in 
their feedstock form and their mechanical properties were investigated, the characteristics of the deposition 
were evaluated and further discussed. 

2. MATERIALS AND EXPERIMENTAL METHODS 

Powders of Al, Co, Cr, Ti, Fe and Ni with commercial purity of 99 % were used as feedstock. The powder 
mixture followed a Al0,2Cr1Co1.5Ni1.5Fe1Ti1 stoichiometric ratio and was blended for 10 minutes to evenly 
distribute the individual powder grains. After this step, the blending mixture was deposited via cold gas-
dynamic spray on a substrate of dimensions 100 x 60 mm, composed by austenitic stainless steel 314. The 
as-sprayed coating presents a thickness of approximately 350 μm, the substrate had approximately 3.5 mm 
of thickness. The feedstock mixture was analyzed before deposition as well as deposited on the coating. For 
comparison purposes, non-mixed pure powders were also matter of investigation, they were called as green 
sample. In order to analyze the thermal behavior of the samples, the feedstock mixture before deposition was 
cold-pressed in small pellets and consecutively heated up on DSC. The detailed information of all samples 
used in this work is described on (Table 1), as follows: 

Table 1 Description of samples used on the study. 

Name Description Name Description 

A2 Cold-sprayed coating. A6 Heat Treatment via DSC. Temperature up to 750 °C. 

A3 Feedstock Mixture. A7 Heat Treatment via DSC. Temperature up to 630 °C. 

A4 Cold-pressed powder for DSC. A8 Heat Treatment via DSC. Temperature up to 560 °C. 

A5 Green sample (Non-mixed powder). A9 Heat Treatment via DSC. Temperature up to 460 °C. 

The cold spray deposition was performed in a High Pressure Cold Spray System machine from Plasma Giken 
(Saitama, Japan) in a PCS-1000, with Laval nozzle made of Tungsten Carbide. The gas used in the chamber 
was Nitrogen and the pressure and temperature used were 5.0 MPa and 500 °C. Feed disk revolutions: 4 
RPM; powder gas pressure 5.15 MPa and powder gas flow: 484 SLM. The nozzle stand-off distance was 30 
mm and the robot-mounted gun traverse speed was 100 mm / s. The spray angle was 90°, the number of 
passes was only 1.   

The materials characterization was done by Scanning Electron Microscope (SEM), Energy-Dispersive X-Ray 
Spectroscopy (EDS), Electron Channeling Contrast (ECC), X-ray Diffraction (XRD), Differential Scanning 
Calorimetry (DSC) and microhardness tests. 

The constituent phases were analyzed based on XRD, through the diffractometer Philips X’Pert, operated 
under the voltage of 40 kV with current of 30 mA. A continuous scanning was performed with 2θ between 20° 
and 120° using a speed of 0.02° / min and step size of 0.0167°. The radiation used was Cu-Kα with λ=1.54056 
Å. “PANanalytical X`Pert High Score” software was also used to compare the XRD profiles with standards 
compiled by the Joint Committee on Powder Diffraction and Standards (JCPDS). 

Microhardness HV 0.1 was measured on the as-sprayed sample (A2), as well as on the mixed feedstock 
powder (A3) and on the non-mixed pure powders (A5), performing 10 different indentations on nickel particles 
using Leco LM 247AT microhardness tester. 

The thermal behaviour of the cold pressed powders was analyzed by DSC. The experiment was performed 
using Setsys Evolution calorimeter from Setaram. The cold pressed sample was placed in a crucible and 
heated in dynamic argon atmosphere up to 750 °C at a rate of 10 K / min. 
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3. RESULTS AND DISCUSSION  

The microstructure of the as sprayed coating produced by CS can be seen in (Figure 1a). Its EDS map shows 
the distribution of the elements after the deposition. The particles which are closer to the coating / substrate 
interface experienced considerable more deformation than on the top of the coating due to the successive 
impact of the particles during deposition. It’s clear that the elements deposited are completely separated and 
did not react with each other after the CS deposition. The elements are isolated and the dimensions of the 
deformed grains were of from 20 up to 60 μm, approximately. The average size of feedstock powders is: Co - 
2.5 μm; Fe - 4 μm; Ti - 30 μm; Cr - 35 μm; Al - 55 μm; Ni - 60 μm.  

It can be noticed that due to the high impact of CS deposition, some of the elements - i.e. Co and Fe - have 
agglomerated and formed bigger grains, as showed in (Figure 1b), which cobalt agglomerated up to 25 μm.  

 
Figure 1 a) EDS Mapping of as-sprayed coating;  

b) Micrograph of cobalt agglomeration in as-sprayed coating  

The theoretical composition of the feedstock powder varies greatly from the one as-sprayed (Table 2). This 
phenomenon occurs because distinct materials have different suitability for CS method.  

Table 2 Differences in composition of feedstock powders and as-sprayed sample 

Element Feedstock composition [at. %]  As-sprayed - Average Composition [at. %] Standard Error (+-) 

Al 3.23 29.32 0.80 

Co 24.19 6.18 0.57 

Cr 16.13 12.26 0.43 

Fe 16.13 4.95 0.12 

Ni 24.19 17.25 0.29 

Ti 16.13 30.05 0.47 

The suitability of the material depends on their deformation properties, so materials with relatively low melting 
point and low mechanical strength such as Al are ideal materials, exhibiting low yield strength and softening 
at elevated temperatures [1, 9]. Materials with higher strength such as Fe and Ni, the low process temperatures 
normally do not provide enough energy for successful deposition, even though they could still be used for Cold 
Spray technology [1, 10]. For that reason, the deposition efficiency is different depending on the element used. 
The amount of aluminum successfully deposited was much higher [(29.3 ± 0.8) at %] than the starting 
composition (3.3 at%) and the same phenomenon happened to titanium [(30.1 ± 0.5) at %], while its theoretical 
composition was supposed to be 16.1 at%, even though it has high mechanical strength and high melting 
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point, suggesting that the used parameters were closer to the optimum ones for the deposition of titanium 
particles, leading to reduction in the content of the other particles, such as Ni, Fe, Co and Cr. In literature, 
there are several successful titanium depositions when the parameters are rightly chosen [11, 12]. The other 
elements didn’t adhere as well and their as-sprayed composition is much less than it was first intended to be. 

XRD characterization was performed on the as-sprayed sample and feedstock powder (Figure 2).  

 

Figure 2 XRD patterns of feedstock powder and cold-sprayed coating 

Aside from the peaks pertaining to the individual pure metallic elements, no peaks of other phases were 
observed in the measured XRD spectra of the as-sprayed sample, except for Al2O3. The difference on the 
intensity of the peaks was probably caused due to the difference in ratio of the elements, since the feedstock 
composition changed with the deposition. There is a widening of the 2θ peaks on 76°, 93° and 98°, which 
indicates plastic deformation of the as-sprayed sample due to lattice distortion. 

The Microhardness tests were performed on Nickel particles under 100g load. (Table 3) shows the results. 

Table 3 Average microhardness results performed on Nickel particles under 100g load 

Name Average results - Vickers [HV] Standard Error (+-) 

Non-mixed powder (A5) 104.1 3.4 

Feedstock mixture (A3) 120.6 6.0 

Cold-sprayed coating (A2) 164.4 5.4 

The results exhibit an increase of the hardness level. The non-mixed sample exhibits the lowest hardness 
values (HV104.1±3.4), while after blending the powders for 10 minutes caused an increase of the average 
hardness level of 16 % (HV120.6±6.0). Due to the high velocity impact on deposition and work-hardening, the 
material experienced severe plastic deformation, the as-sprayed sample presented 58 % higher values of 
average hardness (HV164.4±5.4). 

The material suffered strong plastic deformation and formed subgrains after CS deposition (Figure 3) for all 
elements. In (Figure 3c), it is noticeable that due to the high-pressure generation at the moment of impact, 
finer microstructures can be seen close to the grain boundaries, while in its middle, there are coarser grains. 
It is important to point out the difference between deformation levels in the particles closer to the interface of 
the coating/substrate and those on the top of the coating. As it can be seen in (Figure 3b, 3c, 3e and 3f) 
respectively, the material suffered much higher plastic deformation on the region close to the interface. 
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Figure 3 Electron Channeling Contrast Images: a) Ni on non-mixed green sample; b) As-sprayed Ni close 

to the top of the coating; c) As-sprayed Ni close to the interface; d) Fe on green sample; e) As-sprayed 
Fe close to the top of the coating; f) As-sprayed Fe close to the interface 

The thermal behavior of the feedstock powders was analyzed in order to observe possible phases that could 
be formed during heat treatments following the cold spray deposition. Different measurements on 
temperatures from 460 °C, 560 °C, 630 °C up to 750 °C were reached to see the evolution of the microstructure 
in higher temperatures range than used in CS technique. 

There are only exothermic reactions present on the DSC curves (Figure 4), which might suggest that, at 438, 
535 and 634 °C peaks, the material has experienced phase changes in solid state. At 660 °C, Al probably 
reacted immediately with other elements after its melting. In different temperatures, the particles have different 
surroundings, as in Figure 4b, which shows what the microstructure looks like in the highest temperature. At 
460 °C, the only present reaction is between Co particles and Fe. At 560 °C, Ni reacts with Fe and small 
portion of Co, as well as Ti particles reacted with Ni, Co and Fe. On the other hand, at 630 °C, besides all the 
latest reactions, Co particles form phases with Al, Fe and Ti, as well as Fe particles react with Ni, Co and Ti. 
At last, on 750 °C, it is possible to observe many reactions amongst the elements, with diffusivity of Fe, Co 
and Ti into Ni, as well as Al particles with Fe, Co and Ti. 

 
Figure 4 a) DSC curve analysis of feedstock powders up to 750°C;  

b) Microstructure of A6 - heat treatment at 750°C 
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4. CONCLUSION 

The cold spray deposition does not show any reaction amongst Al, Ti, Ni, Fe, Cr and Co elements, except for 
aluminum oxidation. The technique showed limitations in some extent on the deposition efficiency. The sticking 
coefficient is diverse depending on the element used, therefore the efficiency of Co, Fe and Ni was much lower 
than expected, although Al and Ti have great efficiency on deposition on stainless steels 314 substrates. The 
average hardness level of Ni particles increased by 58 % with the cold spray. All elements presented strong 
plastic deformation and formation of subgrains after the deposition. On DSC curves, from 460 °C, 560 °C, 630 
°C up to 750 °C, solid state reactions are observed and distinct phases are formed due to the diffusivity of 
different elements into elementary powders. The main reaction observed was diffusion of Fe and Co into Ni 
particles. 
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Abstract  

The present work is focused on the influence of the hardfacing sequence on the structure and erosion 
resistance of deposited layers. In the researche one type of the additional material with high content of 3.8 %C 
and 22 %Cr was used. The process of hardfacing was made by the flux cored wire arc welding (FCAW) with 
2 types of welding sequences. There were implemented string beads and weave bead. The analyzed 
hardfacing welds showed significant differences in the tested properties. This is due to the nature of the 
deposition process of the string bead and weave bead. Hardfacing made with string beads had numerous 
chromium carbide type precipitates of (Fe,Cr)7C3 that is characteristic for the materials deposited on the 
structure of chromium cast irons. The structure of the hardfacing made with weave bead was characterized by 
dendritic structure. The differences in the hardness measured in these layers were up to 270 HV. Erosive wear 
tests were carried out with using corundum and a modified position of the jet milling and with 2 impingement 
angles. 

Keywords: Wear resistant alloys, hardfacing, erosion, welding sequence, hardness 

1. INTRODUCTION  

The hardfacing is one of the more efficiency techniques of protection machinery equipments and constructions 
against different wear conditions. The erosion with solid state particles can be considered in many engineering 
systems involved in mining industry and transport system. The welding technologies as for example SSAW 
(Self Shiedled Arc Welding) are one of the much more economical solutions for creating effective wear 
protection surface to apply hardfacing Fe-C-Cr alloys. Thanks to their good wear resistance and low cost, iron-
based hardfacing alloys are frequently employed in industry to extend the service life of components subjected 
to abrasive, erosive or metal to metal wear conditions, such as rocking pulverizing, crushing to applications 
and transport systems [1-8]. The excellent abrasive and erosive wear resistance of the weld depositions of 
iron-based hardfacing alloys, with respect to manufacturing cost, is primarily depends to the formation of hard 
M7C3 carbides. The problem is that brittle and coarse M7C3 chromium carbides tend to separate from the matrix 
during the wear process, the efficacy of the application of these iron-based hardfacing alloys to parts exposed 
to heavy external impacts is limited. However, if instead of primary M7C3 carbides in the structure of the weld 
pad will be smaller, harder and uniformly distributed, abrasives cannot effectively penetrate into the matrix and 
carbides not easily separable from the matrix. In this way wear resistance of iron - based alloy hardfacing 
under heavy external influences can be improved. Therefore, many researchers the addition of strong carbide 
forming elements such as W, V, Nb, Ti and B is added to the melt in order to obtain other types of carbides as 
for example MC-type , which are smaller and harder than the M7C3 carbides [7,9-10]. Other way to obtain 
different size and types of carbides is the change of the hardfacing techniques and their parameters. There 
are many welding techniques such as oxyacetylene gas welding (OAW), gas metal arc welding (GMAW), 
shielded metal arc welding (SMAW) and submerged arc welding (SAW) that can be used for hardfacing. The 
most important differences among these techniques lie in the welding efficiency, the weld plate dilution and 
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the manufacturing cost of welding consumables. In the application of hardfacings, self shielded fluxed cored 
arc welding (SSAW) is one of the most interesting techniques. This kind of hardfacing presents greater 
productivity than coated electrodes and greater flexibility than with a submersed arc and in addition to this, 
present lower thermal input, less distortions, and less thermally affected zone. The self-shielded flux cored arc 
welding process aggregates the main advantages of the GMAW such as high values of deposition rate, yield, 
and the work factor of the welder, enabling high productivity and high quality weld to be obtained [9,11-14]. 
The method of self-shielded flux-cored wire welding involves melting flux-cored wire and metal substrates from 
the heat of an electric arc burning between the metal wire tube, comprising a core powder, and the weld object. 
The components of the core wire provide gas and metal vapour deposition insulating zone than atmosphere. 
During the melting of the core is also generated slag, which covers a thin layer of liquid metal droplets 
transferred from the wire to the molten weld pool. The slag that is formed during the melting process is primarily 
responsible for protecting the welding arc and molten weld pool from the atmosphere. Due to low cost and 
acceptable performance, iron-chromium self shielded core wire for coatings are being widely preferred. These 
alloys are based on the high chromium white cast irons of hypoeutectic and hypereutectic compositions. In 
alloys of the hypoeutectic composition, the microstructure of the coating consists of primary dendrites of 
austenite surrounded by eutectic mixture of austenite and finer carbides. In alloys of the hypereutectic 
composition, primary carbides grow as rods or needles and are embedded in the eutectic matrix. The present 
research work has the main goal in examinations of microstructure properties on the erosion behaviour of one 
type of hardfacing alloy deposited with different parameters of hardfacing process.  

2. EXPERIMENTAL PROCEDURE 

Non-alloy structural steel of designation S235 for general purpose was selected as parent material for 
hardfacing layers. The thickens of deposited steel plate was 6 mm. Self shielded cored wire with a diameter 
of 1.2 mm and the chemical composition specified by the manufacturer in Table 1 was selected for hardfacing. 
The deposition process was carried out on using an Cloos Quinto Profi welding source. 

Table 1 Chemical composition of material used for hardfacing, wt% 

C Cr V W Fe 

3.8 22 0.8 0.8 balance 

The process of deposition was carried out in two embodiments using a string beads and the weave bead. The 
hardfacing process parameters are shown in Table 2. The specimen buildup string beads designated as S, 
specimen made with weave bead as V. In the case of string beads surfacing was made by 6 beads per length 
of 200 mm. Weave bead was made as a single bead of the same length. In both cases the final width of 
hardfacing was 40 mm and the height of the hardfacing was up to 4 mm. 

Table 2 Hardfacing process parameters 

Specimen Voltage (V) Current (A) Width of bead (mm) Wire speed feed (m·min-1) 

S 22-23 170-180 5 4.3 

W 22-24 130-150 35 4.3 

Samples for metallographic examinations were taken from the cross section of the coating. Deposit has been 
subsequently tested with metallographic optical microscope Olympus GX51 and hardness tests with Vickers 
method. The study of structure was performed using metallographic reagent MI19Fe. Erosive wear tests were 
carried out on a modified position of the jet milling. Ejector nozzle diameter was 6 mm, and its distance from 
the sample was fixed at 6 mm. Tests were carried out with use of a fixed pressure jet erosion at 6 atmospheres. 
As a material for erosion was used corundum. Specimen before the test were cleaned and weighed and then 
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assembled into the device and erosion tests were carried out at 30° and 45° and last 10 min. The time of 
erosion test was determined on the basis of earlier trials, which made it possible to determine how much time 
is reached the level of consumption set. After 10 minutes the samples were removed from the machine, 
cleaned stream of air and reweighed to the nearest 0.001 g. 

3. RESULTS AND DISCUSSION 

The results of metallographic investigation of the obtained welds show large differences in the structure of 
deposited layers. Hardfacing made with string beads (Figures 1 and 2) had numerous chromium carbide type 
precipitates of (Fe,Cr)7C3 that is characteristic for the materials deposited on the structure of chromium cast 
irons [15,16]. Precipitations of the carbide had varied shape and placement of the cross-section of the deposit. 
There are visible cracks in the mixed area of deposited material and base material. These cracks are caused 
by high stress in mixed zone and high hardness of this material. There were no observed cracks in the 
hardfacing made with weave bead. The image exhibits the carbide rods along and across the long axis. Near 
the weld deposit/base metal interface area, there exists a small region of eutectic microstructure.  Above this 
zone, majority of the primary rod like carbides are aligned orthogonally to the surface of the base metal. 
Nonetheless, in some areas, the primary carbides have grown with random orientation. 

 
Figure 1 Structure of coating made with string bead,magnification x50 

 
Figure 2 Structure of coating made with string bead, magnification x500 
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The hardfacing made by weave bead is characterized by a different structure of the deposit (Figures 3 and 4). 
In this case, the structure of the entire cross section of the weld is of a dendritic with individual carbide 
precipitations of shape similar to a sphere. In this sample, dendrites growing mainly in direction of heat flow 
can be observed all over the coating, as can be seen in Figure 3. Crystallization in non-equilibrium conditions 
causes flow of carbides existing in the core wire in most to a solution and enriching eutectic interdendritic 
areas. Hardness testing confirmed the differences in the structure of the obtained welds. In Figure 5 are shown 
the results of hardness test performed on the cross-sectional welds. Studies were carried out in each case in 
the middle of the sample, and the results show the differences of up to nearly 270 HV10. The average hardnes 
for specimen made with string bead is 957 HV10 and for specimen made with weave bead is 686 HV10. 
Hardness for the deposit weld by string beads are higher by nearly 40% of the sample weld by weave bead. It 
is noted that for specimen marked as S hardness in excess of 1000 HV10 was observed in the central area of 
the weld rich in carbides. In the external beads hardness was lower and fluctuated in the range of 850 - 900 
HV10. It would be useful to correlate the microstructures of these hardfacing layers to their erosion resistance. 
Following are the results of erosion test which were used to evaluate and compare coatings properties. 

 

Figure 3 Structure of coating made with weave bead, magnification x50 

 

Figure 4 Structure of coating made with weave bead, a) magnification x50, b) magnification x500 
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Figure 5 Hardness distributions in hard facing 

 
Figure 6 Results of erosion tests 

The research on the erosive wear resistance showed that the highest wear resistance has specimen S made 
by using string beads. Figure 6 shows the results of studies on the erosive wear. At a both of impingement 
angles the wear resistant were significant higher. The hardfacing made with weave bead occurred vulnerable 
for changing the impingement angle of erosive test. In this case for the 45° impingement angle the wear was 
more than 2 times higher. The results of the present investigation suggest that characteristics of weld 
hardfacing depend upon the relative hardness deposited layers which in turn decides the relative contribution 
of matrix and the carbides to the erosion process. The dependence of erosion rate on impingement angle for 
hardfacing high chromium iron alloys was found to be strong, in case of the hardfacing made with weave bead.
                                

4. CONCLUSIONS 

1) The dependence of erosion wear on impingement angle was in general weak for weld hardfacing made 
with string bead. For the hardfacing made with weave bead erosion wear has significant dependence 
on impingement angle. 
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2) The erosion wear of weld hard facing layers can be rationalised in terms of relative hardness of the 
structure under given erosion conditions. 

3) Significant differences were seen in the structure of hardfacing made with different sequence of welding.    
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Abstract   

The service life of components used in the construction, mining or agricultural industry depends on several 
factors. Primarily lifespan is influenced by the type of wear to which the parts would be subjected (for example 
abrasion) and environment in which components perform their function. The choice of material and technology 
depends on these factors. The part exposed to abrasion can be made entirely from a durable material, which 
is often quite expensive. Another possible approach is the production of the part from conventional structural 
steels, such as steel S235JR. Consequently, worn surface can be equipped with a layer of highly wear-
resistant material (e.g. by weld deposit) which prolongs the service life of entire component and reduces its 
repair or replacement costs for producers and customers. 

This study deals with the evaluation of wear resistance test of selected weld deposits combining FeBNiCr 
matrix with an increased content of the boron and tungsten carbide particles spread in monolayer weld deposit 
and all at once with comparing microhardness in selected areas of the welded layer. This weld deposit was 
made from S235JR structural steel using hard-facing with cored wire in protective atmosphere of argon and 
carbon dioxide mixture. This contribution also deals with evaluation of mechanisms abrasion which appeared 
on the surface of the weld deposits in selected areas. 

Keywords: Tungsten; carbide; hard-facing; wear; weld deposit, structural steel 

1. INTRODUCTION     

Abrasion is a type of wear that produces scratches on the surface of the worn material, or even material 
punching. This is due to the movement of the abrasive on the surface. Abrasive particles typically have sharp 
edges that cause material to be removed and results in abrasive wear. Depending on the size  
of the cutting angle, it is possible to distinguish between ploughing and cutting. The rate of abrasion  
is determined by the amount of material loss or by the changes in the dimensions of the part. Abrasion can be 
either two-body or three-body. In the case of two-body abrasion, movement moves loosely across  
the surface of the component, while in the case of three-body abrasion, abrasive particles are trapped between 
two surfaces of the material and are reflected between them [1, 2, 3].  

Abrasion occurs mainly in the construction or mining industry but also in other industries processing material 
such as steel, wood and other raw materials. It can be fought either with high resistant materials such  
as Hardox or with the use of advanced surface treatment technologies. These technologies include thermal 
spraying or hard-facing of materials combining a tough matrix with hard particles (e.g. ceramic) on a classical 
structural steel [3, 4]. 

This paper deals with the S235JR steel hardfaced by 138 technology using the Megafil A864M cored wire and 
protection gas argon (82 %) mixed with CO2 (18 %). The weld deposit combines martensite FeBNiCr matrix 
(Megafil A864M) with increased content of boron and tungsten carbide particles (1-2 mm), which can be 
classified as non-oxide ceramic. This composite material is capable of resist abrasive wear and,  
as a result, reduce the manufacturer’s costs for the renovation of components used in the industrial sectors. 
Samples were made from the weld deposits and the water jet was used to cut them. The reason was the 
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avoidance of the thermal influence of the weld deposits and the heat-affected zone, which could occur with 
the use of another method of cutting (e.g. plasma, laser) [5, 6].  

2. EXPERIMENTAL 

Table 1 Chemical composition of parent material (substrate) S235JR 

C Mn Si S P Cr Ni Cu 

0.14 0.67 0.20 0.019 0.01 0.02 0.01 0.01 

Ti Al As N Mo V Nb Fe 

0.003 0.046 0.002 0.006 0.001 0.003 0.002 rest 

Table 2 Chemical composition of filler metal Megafil A864M 

C Si Mn P S 

0.426 0.27 1.05 0.025 0.025 

Cr Ni B Fe  

0.27 1.57 4.62 rest  

Table 3 Welding parameters 

 Sample 3 Sample 4 

Welding current 210 A 250 A 

Welding voltage 28 V 29 V 

Welding speed 5-6 mm·s-1 5-6 mm·s-1 

Gas flow 18 l·min-1 18 l·min-1 

WC particles (size) Yes  
(≈1-2mm) 

Yes  
(≈1-2mm) 

3. RESULTS 

3.1. Microhardness 

 
Figure 1 Microhardness HV 0.1 in direction from the surface to the parent material  
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3.2. Abrasion resistance 

 
Figure 2 Weight loss of the samples after abrasion test according to ASTM G65 standard 

3.3. Surface analysis 

  

 

Figure 3 Surface of the sample 3 after abrasion test 
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Figure 4 Surface of the sample 4 after abrasion test 

4. CONCLUSION 

The weight loss of sample 3 is 0.357 g versus 0.403 g for sample 4. This is due to the slightly higher 
microhardness of the sample 3 matrix (see Figure 1, average microhardness approximately 954 HV0.1 versus 
804 HV0.1), due to the use of lower welding parameters, so faster cooling of the molten pool followed. 
However, sample 3 showed a significantly higher appearance of cracks, and in some areas there was a peeling 
and degradation of the weld deposit, which also sometimes occurs with other types of the weld deposits, e.g. 
Hadfield's steel [7]. Measured weight loss values are significantly lower than on samples not containing any 
tungsten carbide particles that were used for comparison. For these samples, the weight loss was between 
0.728-0.899 g.  

For both samples, the material was removed by abrasive particles cutting. In some areas, the material  
was ploughed. Traces of abrasive particles can be observed but they end at the interface of the tungsten 
carbide particle and matrix, which acts as a kind of barrier that reflects them and prevents them from moving 
further along the surface of the sample. Tungsten carbide particles also show traces of material damage,  
but because of the high hardness of these particles, the loss of material is not so noticeable. Tungsten carbide 
particles thus act as matrix reinforcement and reduce surface wear. The results are applied  
in practice for machine parts used in the mining industry. 
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Abstract  

Bioactive coatings can be divided into two main groups - organic and inorganic coatings. Hydroxyapatite (HA) 
is well known as one of inorganic part of mammal’s bone structure and is highly recommended for use in 
implantology. This paper is mainly focused on characterization of hydroxyapatite particles electrochemically 
deposited from water solution of Ca(NO3)2 and NH4H2PO4 on surface of AISI 316L (1.4404) stainless steel 
with different roughness profiles and surface treatment. The effect of surface roughness itself is discussed as 
well as heat treatment (400 °C) of samples after coating deposition. Electrodeposition of HA was carried out 
at cycling of potential values of −2.0 V for 2 s and 0 V (NHE) for 1 s; 200 cycles was used for this study. 
Electrochemical properties of such treated samples were characterized using voltammetry and EIS methods. 
It was found, that time of deposition significantly changes electrochemical parameters of equivalent el. circuit 
used for closer characterization of coating properties but only marginally affects corrosion properties like open 
circuit potential (OCP), corrosion potential (Ecorr) or potential of passive layer breakdown (Ebreak). Pull-off test 
also proved significant correlation between surface roughness, heat treatment and adhesion of deposited 
coatings.  

Keywords: Corrosion resistance, biomaterials, hydroxyapatite, implants, electrochemical treatment 

1. INTRODUCTION  

Metallic materials are still most common materials used in medicine and its related branches. Proper grade of 
stainless steel may be selected if fulfils all requirements (time of implantation, type of surrounding tissue, etc.). 
Biological or corrosion properties of each application can be improved by surface coatings, which make the 
final product more biocompatible or even bioactive to achieve proper tissue reaction. Surface of parts made 
from stainless steels can be electrochemically roughen to obtain higher level of free surface to contact with 
surrounding tissues . If bioactive particles are applied on surface, proper body reaction have been observed. 
Hydroxyapatite (HA) is studied for many decades for its favourable mechanical properties close to spongia 
type of bone and good biocompatibility to mammal’s organism. Surface of the implant can be covered with 
these particles directly using PVD methods, or HA particles can be synthetized from precursors using 
electrochemical deposition methods. Main problem of direct synthesis is that new created particles shows only 
weak bonding to the substrate so there is risk of coating damage when friction stress is applied. For better 
substrate-particles bond previous electrochemical substrate roughening or postdeposition heat treatment may 
follow. Each change of surface parameters leads to change of its electrochemical properties. Even very small 
changes of surface parameters can be revealed by electrochemical impedance spectroscopy method (EIS). 
Basic corrosion properties of studied materials can be studied by standardized polarization methods (e.g. ISO 
EN 10993, ASTM G5-94, ASTM F746, etc.) Results of these measurements are used for comparison of each 
material with respect to its electrochemical behaviour under simulated body conditions. For determination of 
coating adhesion a pull out test or scratch test can be used . In this research paper influence of hydroxyapatite 
coating on 1.4404 steel substrate is studied in terms of corrosion and electrochemical properties, adhesion 
and wettability. 
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2. MATERIAL AND METHODS 

2.1. Material and its characteristics 

Stabilized stainless steel of medical grade 1.4404 (X2CrNiMo17-12-2, AISI 316L) supplied by EKOMOR lnc. 
was chosen for this particular study. The 3.0 mm thick sheet was cut into 150 x 50 mm samples, which were 
ultrasonically degreased. Chemical composition according to ASTM A240 is shown in Table 1. For this 
experiment three samples have been prepared and forth sample has been used without any treatment as 
reference for contact angle comparison. These samples have been processed according to Table 2. 

Table 1 Chemical composition according ASTM A240 

Chemical composition (max. % wt. or range) 

C P S Si Mn Cr Ni Mo N Fe 

0.03 0.045 0.03 0.75 2 16-18 10-14 2-3 0.1 Balance 

Table 2 Processing of samples 
 Type of processing 

Sample Degreasing Roughening HA synthesis Heat treatment 

1 Yes No Yes No 

2 Yes Yes Yes No 

3 Yes Yes Yes Yes 

Ref. Yes No No No 

2.2. Surface structure, roughness analysis and contact angle tests 

Surface profile measurement was performed by Taylor Hobson Talysurf 50 device equipped by standard stylus 
arm with 2 µm radius diamond tip. Speed rate of the tip was 1 mm·s-1 for this particular measurements and 
length of measured line was set to 40 mm. Two measurements were done in cross shape with 90° angles 
between lines. Scanning electron microscope JEOL JSM-6490 with accelerating voltage 15 keV was used for 
observation of surface structure and parameters. Wettability (contact angle) of samples was inspected by 
optical contact angle measuring system, snapshots of drops on surface were taken and pictures were 
evaluated by ImageJ software using DropSnake and LB-ADSA methods. For this procedure 2 µl droplets of 
artificial Tyrode’s physiological solution prepared according to ISO 10993 were used . Chemical composition 
of Tyrode’s physiological solution is: NaCl (8.00 g / l), CaCl2 (0.20 g / l), KCl (0.22 g / l), NaHCO3 (1.00 g / l), 
Na2HPO4 (0.05 g / l), MgCl2 (0.20 g / l), Glucose (1.00 g / l). All chemicals (g.r.) were supplied by VWR 
International. 

2.3. Process of roughening, hydroxyapatite synthesis and heat treatment 

The main aim of roughening process was to nanostructure substrate surface. To obtain this kind of surface 
profile anodization process was chosen. During the anodization, specific phases and particles has been 
dissolved leaving surface pitting-like look. There was 2 electrode cell used for anodization, where platinated 
titanium plate was used as negative electrode and sample was fixed to positive electrode. Anodization solution 
of distilled water, ammonium fluoride (0.1 M, purity > 99.5 %) mixed with glycerine in weight ration 10 : 90 (90 
% glycerine). DC laboratory power source Matrix MPS-3005D generated stable voltage of 10 V for 10 minutes 
during the procedure. Ratio of solution volume vs. anodized surface was approx. 3 ml·mm-2. The procedure 
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was carried out at room temperature 20 ± 2 °C .The electrolyte for direct HA synthesis contained 0.042 M 
Ca(NO3)2 and 0.025 M NH4H2PO4 in water. The initial pH of the bath was 7.4 and this was achieved by suitable 
addition of dilute HCl. Synthesis was performed using Voltalab PGZ 100 potentiostat and samples were 
connected as a working electrode. Synthesis itself consisted from 200 cycles, each cycle lasted for 3 s and 
consisted from polarization -2.0 V for 2 s and 0.0 V for 1 s, these potential values are expressed relative the 
NHE. The 1 s time gap in each cycle was chosen to improve adhesion of particles to the substrate. Heat 
treatment at temperature 400 °C was applied to increase adhesion of HA particles to the substrate. Low 
vacuum chamber (~10 Pa) with heating rate 10 °C·min-1 was used and time lag was 20 min. Sample was 
cooled in the chamber under vacuum till the temperature decreased to room temperature. 

2.5. Corrosion tests and electrochemical impedance spectroscopy 

Potentiodynamic polarization tests were performed according to ASTM 2129 standard in corrosion cell of 1000 
ml volume tempered to temperature 37 °C. Tyrode’s solution was used as corrosion environment for these 
experiments. Potentiostat Voltalab PGZ 100 with software Voltamaster 10 was used for this particular 
experiment and polarization rate 1 mV / s was set. Sample was fixed to working electrode, saturated calomel 
electrode was used as reference one and platinated titanium grid was fixed as auxiliary electrode to create 
homogenous electric filed. Exposed surface was 0.50 cm2. Samples were immersed in electrolyte for 1 hour 
to stabilize corrosion potential. After that interval OCP was measured. During next step pitting or crevice 
corrosion was initiated and tested by potentiodynamic polarizing of sample to potential more noble values than 
corrosion potential. During this polarization pitting or crevice corrosion is detected by general increase of 
current density. When current density increased to value 2.0 mA·cm-2, polarization was stopped. 
Electrochemical impedance spectroscopy (EIS) was used for closer observation of electrochemical properties 
of each specimen. Wave amplitude of 10 mV was set and measurements were carried out at OCP. 
Subsequently, the frequency of AC was changed from 105 Hz to 0.5 Hz. Experimental data were exported to 
EIS Analyser software where equivalent electric circle and its parameters were found out . 

2.6. Pull-off test 

The purpose of this test is to measure the bond tensile strength of a coating - adhesiveness. The sample will 
be subjected to increasing tensile stresses until the weakest path through the material fractures. The weakest 
path could be along an interface between two coatings, a cohesive fracture within one coating and a adhesive 
fracture between the substrate and coating or a combination of these cases .  

3. RESULTS AND DISCUSSION 

3.1. Influence of roughening to surface structure, roughness and wettability 

Surface of tested samples has been studied by electron microscopy using secondary electron detector to 
observe surface relief. Figure 1 A shows surface structure with small pits after anodization roughening and 
Figure 1 B illustrates surface of sample after direct HA electro-synthesis from precursors. Roughness tests 
have been done to find relation between surface roughness and other properties. Average roughness 
parameters for as receives sample surface were values: Ra = 0.42 µm, Rz = 1.84 µm. Average roughness 
parameters of roughened surface were: Ra = 0.87 µm and Rz = 3.61 µm. Contact angle has been evaluated 
using two methods: DropSnake method, where interface droplet-air-surface is marked with points and LB-
ADSA method where the shape of droplet is measured. All measurements may be affected by user’s 
interpretation, total deviation for each sample has not been higher than 2°. Table 3 illustrates average values 
of contact angles for each sample. 
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Table 3 Average values of contact angles 

  Contact angle-methods 

Sample Drop-snake (°) LB-ADSA  (°) 

1 39 41 

2 30 29 

3 24 26 

Ref. 89 94 

3.2. Corrosion tests, EIS method and pull-of test 

During polarization testing, relation between potential and current was studied. All corrosion curves were 
registered, recorded and evaluated by Voltalab software. Basic parameters as corrosion potential, polarization 
resistance (Rp) or corrosion rate were found using Tafell and Stern methods. Since Ecorr can be considered as 
indicator of surface oxide layer stability, Rp mostly indicates dielectric character of material and can be 
significantly affected by even tiny imperfections or defects (like tiny pits on surface of sample 2) . Breakdown 
(depassivation) potential was found out by intersection method (extrapolation of polarization curve and its 
intersection with X axis). Also conventional method was used: the values of breakdown potential were found 
by polarization curve where the current density reaches the value of 10-4 A·cm-2 [8]. Polarization curves can 
be seen at the Figure 2 and corrosion parameters are illustrated in Table 4. 

Table 4 Corrosion parameters 

  
Corrosion potential Ecorr  

 (mV vs. SCE)  

icorr 

 (nA·cm-2) 

Polar. resistance Rp  

(kΩ.cm2) 

Breakdown potential   

(mV vs. SCE) 

Sample Taffel  Stern  Taffel  Taffel  Stern  convent. from curve 

1 -155 -154 825 12 12 630 641 

2 -489 -491 198 35 32 413 447 

3 -191 -190 341 30 29 670 1220 

Figure 1 A-surface after roughening, B-surface after direct HA synthesis 
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Figure 2 Potentiodynamic polarization curves  

By EIS measurements the equivalent electric circle was set up and its parameters were found out. From these 
parameters equivalent capacitance of anodized surface was calculated using derivate equation of ZARC 
element (1), where C is capacitance, R1 is resistance of contact and electrolyte, R2 is resistance of surface 
layer and P and n are parameters of constant phase element (CPE) . Values of capacitance are illustrated 
specified in Table 5. The Equivalent circuit is visible at Figure 3 . 

퐶 = ( · )              (1) 

Table 5 Values of equivalent circuit parameters 

Sample R1 (Ω) R2 (Ω) P·10-6 n C (µF*cm-2) 

1 62 13516 129 0.70 61275 

2 60 32675 39 0.87 339 

3 72 26550 59 0.75 7010 

3.3. Pull-off test 

Before pull-off test the aluminium dolly was glued on tested surface using epoxy resin. After 24 h aging time, 
the pull-off test itself was carried out. Pull-off stress was applied continuously until de-adhesion of dolly from 
substrate supervened. Maximal pull-off stress was measured and recorded. Test setup can be seen in 
Figure 4. The average values of test are illustrated at Table 6. There was significant difference in location and 
mechanism of final de-adhesion, which was further confirmed by light microscopy.  

Table 6 Average values of pull-off test 

Sample Adhesion (MPa) Location of de-adhesion 

1 2.8 80 % substrate / coating, 20 % coating / glue 

2 6.2 50 % epoxy / dolly, 50 % coating layer 

3 8.4 80 %  epoxy / dolly, 20 % coating / glue 
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Figure 3 Equivalent electric circuit 

Figure 4 Pull-off test setup 
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4. CONCCLUSION  

Three samples form 1.4404 (X2CrNiMo17-12-2, AISI 316L) steel were coated with hydroxyapatite particles 
using direct electrochemical synthesis method. It was found that electrochemical anodization process which 
was used for roughening of surface before synthesis effects final electrochemical properties highly. It was 
found out that anodization decreases the corrosion potential of studied samples and breakdown potentials, on 
the other hand, polarization resistance was increased nearly three times in comparison to sample with HA 
synthetized on as received state surface. EIS method confirmed assumption that passive layer has been 
removed during anodization which results in very low capacity of CPE which represents oxide layer on surface 
of the sample. HA particles on the surface effects the capacity only fractionally as they are more separate and 
don’t create homogenous layer. Heat treatment of samples with synthetized HA can reinforce the particles 
adhesion to the substrate, which was proofed by pull off test, so heat treatment can be recommended to 
improve final properties of HA coatings. 
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Abstract 

This paper deals with a method enabling the preparation of thick metallic microstructures on metal substrates. 
Such metallic microstructures can be used as a resolution samples to characterize various microanalysis 
techniques, such as X-ray fluorescence (XRF) or X-ray photoelectron spectroscopy (XPS). Moreover, the 
patterned samples could be used as anodes to characterize focusing properties of X-ray tubes for micro CT 
systems. Considering that the standard lift-off technique is designated for structures with the thickness of 
several hundred nanometers at most, we had to modify lift-off technique to be possible to use it for preparation 
of very thick metal layers (several microns) with spatial resolution of a few microns. The mask with the desired 
pattern for UV exposure was prepared by e-beam lithography. SU-8 photoresist was used for a lift-off because 
of its aspect ratio ability, process purity and high resistance to heating. We used a thin layer of PMMA under 
the SU-8 masking layer to guarantee the photoresist would lift-off correctly. Thick aluminum layer was 
deposited by thermal evaporation. The dependence of metal layer thickness as a function of required exposed 
line width was determined. The final lift-off process was carried out in acetone ultrasonic bath. Generally, this 
technology can be used for the evaporate deposition of various materials with several microns thick layer in 
micron resolution.  

Keywords: Lift-off technique, SU-8 photoresist, e-beam lithography, thick layer evaporation 

1. INTRODUCTION 

There are several techniques that can be used for metal structures fabrication. They can be divided to 
subtractive methods and additive methods [1]. Among subtractive methods we count all the etching techniques 
(wet and dry). Wet methods are suitable only for tasks where very high resolution and anisotropy are not 
required. However, it can be used for etching of very thick layers thus for preparation of very thick metallic 
structures. Dry etching techniques give much better resolution, and perfect anisotropy. However, it has high 
requirements for masking materials if we want to prepare very thick/deep structures. The other disadvantage 
is that almost all metals are dry etched by chlorine based compounds which can cause the contamination of 
substrate [2]. Amongst the additive technique are for example electroplating and lift-off [1]. Electroplating fulfils 
almost all requirements, however it can be hard to protect the complex shape substrate from contamination 
by chemical bath. Lift-off resolution limit is given by the thickness of the metal structure we want to prepare. 
Nevertheless, it is the cleanest process compared with all the processes mentioned above. The high purity is 
essential for any spectroscopy (XRF, XPS etc.) application, or if the sample is used under high vacuum 
conditions [3]. 

2. LIFT OFF TECHNIQUE 

The lift-off technique is an additive method for the preparation of planar microstructures (the material does not 
have to be necessarily metal). It uses sacrificial layer of resist in which the desired pattern is prepared. The 
pattern is usually exposed by some lithography technique. It is desirable that exposed edges would be 
concavely shaped to prevent their covering during the material deposition (Figure 1 on the left) [4]. If the UV 
lithography is used for preparing pattern, almost all photoresists behave by such a way when they are slightly 
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overexposed. Single layer process is usually used, however for photoresists that are poorly dissolvable it is 
necessary to use a solvable under-layer (as in the case of SU-8) [5, 6]. Because of UV lithography resolution 
limitation, e-beam lithography can be used for achieving higher resolution. It is more difficult to achieve 
concavely shaped edges, but it is possible, and it is given by primary electron energies of the e-beam system 
and resist combination [7]. Two layer of resist are often used for achieving suitable shape of edges (Figure 1 
on the right). The resist combination is selected by such a way, that bottom resist layer is developed faster 
than the top one. It is possible to use the same type of resist with different molecular weight or to use a special 
LOR (lift-off resist) as the bottom layer in order to achieve this effect [8]. Lift-off technique is originally used for 
preparing very thin structure (several hundreds of nanometers at most). Sputtering or evaporation is usually 
used for the coating material. Evaporation is recommended to prevent covering the pattern edges in resist by 
the coating material [9]. The using of evaporation is necessary to prepare very thick structures, as intended in 
our case. 

 
Figure 1 Lift-off technique after metal deposition. Single layer process (left), bilayer process (right) 

3. SAMPLE PREPARATION 

Typical lift-off technique described above had to be adjusted, particularly because of atypical substrate and 
desired microstructures (resolution and thickness). Technological steps of the whole process are shown in 
Figure 2. 

 
Figure 2 Adjusted lift-off process used for thick metallic microstructures preparation. a) PMMA coating and 
baking, b) SU-8 coating and soft baking, c) UV exposure through the photomask, d) post exposure baking, 

e) development, f) plasma cleaning, g) metal deposition, h) lift-off process. 
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3.1. Substrate preparation 

The substrate was disk 15 mm in diameter and 3 mm thick made from copper due to its thermal and 
mechanical properties required for application. The surface of the substrate had to be diamond milled to 
provide the best surface quality (roughness of 10 nm RMS) which is required to achieve the high resolution 
and the high quality of microstructure edges. 

Thin layer of PMMA (200 nm) was used as an under-layer to perform the lift-off instead of recommended 
OmniCoat for SU-8 photoresist. It did not meet our requirements for the purity of the process, also 
the temperature of 200 °C for baking the layer did not benefit to copper surface. The PMMA layer was baked 
on hot plate for 10 min at 130 °C (Figure 2a)). 

SU-8 photoresist was coated directly on PMMA layer (thickness of 13-14 µm). It was soft baked on hot plate 
for 3.5 min at 100°C (Figure 2b)). 

3.2. UV-exposure and development process 

The mask for UV lithography was prepared by the way of e-beam lithography and reactive ion etching. The 
pattern containing several lines with various widths (range 5 - 100 µm) was exposed by e-beam system Raith 
EBPG5000+ ES. The masked layer (molybdenum) was etched over PMMA mask in Oxford Instruments 
PlasmaPro®System 100/133 by the mixture of SF6 and Ar. 

The UV exposure was carried out on SUSS MicroTec MA6/BA6 system (Figure 2c)). The post exposure bake 
was done on hot plate at 100 °C for 4.5 min (Figure 2d)). Standard mr-dev 600 developer by Microchem was 
used for development process (spraying for 30 s then rinsing with isopropyl alcohol and drying with nitrogen), 
see Figure 2e). 

The developer for SU-8 partially dissolves the layer of PMMA. However, to guarantee the copper surface would 
be perfectly clean, the sample was subsequently treated by argon plasma to clean the PMMA resist residue 
completely (Figure 2f)). 

3.3. Layer deposition and lift-off 

The desired metal for final application was aluminum and it was thermally evaporated on the substrate surface. 
The layer deposition was performed by Edwards coater A306 system. The layer deposition was proceeded in 
several steps to prevent overheating of the sample and the melting down of structures. 

Coated samples were put into acetone bath and left there for 48 hours. Then the sample was put into the clean 
acetone ultrasonic bath to remove possible residues of metal adhered to the sample. Finally it was dried out 
by nitrogen. 

4. RESULTS 

During the aluminum deposition we observed the strong dependency of aluminum thickness as a function of 
exposed line width (Figure 3).  

As you can see, the increasing of deposition time does not help increasing the thickness of metal much for low 
width lines. However, in time it would cause complete covering of exposed structure thus the lift-off could not 
be performed correctly. We tried to deposit several materials (Ti, SiO2, Si3N4) and we observed similar 
dependency. 
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Figure 3 The thickness of aluminum layer as a function of line width for two deposition times 

The final sample is shown in Figure 4 along with detailed image from scanning electron microscope. 

 

Figure 4 Copper substrate with aluminum microstructure (left), detailed SEM image of one line (right) 

5. CONCLUSION 

We adjusted the lift-off process for using with SU-8 photoresist and PMMA resist as an under-layer. It is 
primarily intended for several microns thick metallic microstructure. It was also shown, that there is the 
limitation of thermally evaporated material thickness related to the line width of exposed pattern. The process 
guarantees high level purity of resulted microstructures. It can be used with various combinations of substrate 
material and metallic microstructure material when proper plasma is used to clean developed structures. 

ACKNOWLEDGEMENTS   

The research was partially supported by the Technology Agency of the Czech Republic (project 
TE01020233) and by the Ministry of Education, Youth and Sports of the Czech Republic (project 

LO1212). The research infrastructure was funded by the Ministry of Education, Youth and Sports of 
the Czech Republic and the European Commission (project CZ.1.05/2.1.00/01.0017) and by the Czech 

Academy of Sciences (project RVO:68081731). 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1302 

REFERENCES 
[1] CUI, Z. Nanofabrication: Principles, Capabilities and Limits. New York: Springer Science + Business Media LLC, 

2008. 343 p. 

[2] MADOU, M., J. Fundamentals of microfabrication: The Science of Miniaturization. Boca Raton: CRC Press LLC, 
2002. 723 p. 

[3] YACOBI, B., G., et al. Microanalysis of Solids. New York: Springer Science & Business Media, 1994. 460 p. 
[4] LEE, H., S., YOON, J. A simple and effective lift-off with positive photoresist. Journal of Micromechanics and 

Microengineering, 2005, vol. 15, no. 11, pp. 2136-2140.  
[5] Microchem. SU-8 2000 Permanent Epoxy Negative Photoresist Processing Guidelines. Newton: Microchem, 

2017. 5 p. 
[6] BERNSTEIN, M. OmniCoat Processing. Medford: Tufts University, 2011. 4 p. 

[7] CHLUMSKA, J. et al. Lift-off technique using different e-beam writers. In NANOCON 2013: International 
Conference proceedings. Ostrava: TANGER Ltd, 2013, pp. 286-290. 

[8] GOLDEN, J. Optimization of Bi-layer Lift-Off Resist Process. In CS MANTECH Conference proceedings. Tampa: 
CS MANTECH, 2009. 

[9] Microchemicals. Lift-off processes with Photoresists. Ulm: Microchemicals, 2013. 6 p. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1303 

PROPERTIES OF COMPOSITE COATINGS TRANSFORMED FROM NICKEL  
ELECTRODEPOSITS CONTAINING SILICON PARTICLES  

KONIECZNY Marek, CIEŚLIK Michał 

Kielce University of Technology, Faculty of Mechatronics and Mechanical Engineering, Kielce, Poland, EU 
mkon@interia.pl  

Abstract 

Composite (Ni) + Ni3Si coatings on C45 steel-substrate could be easily developed via three-step technology: 
electrodeposition of nickel interlayer, sediment co-deposition of Ni+Si and subsequent vacuum annealing at 
980 C for 5 h. The results of hardness measurements showed that as-plated Ni+Si coating was 1.7 times 
harder than the electrodeposited Ni coating, but the hardest was (Ni) + Ni3Si coating (820 HV) due to the 
presence of the super hard Ni3Si phase. At 1000 C, (Ni) + Ni3Si coatings followed parabolic oxidation kinetic. 
During oxidation a thin continuous SiO2 layer formed below a layer of NiSiO3. After 100 h at 1000 C a mass 
gain for (Ni) + Ni3Si coating was about 6 times lesser than for nickel coating. The wear mass loss of the (Ni) + 
Ni3Si coatings was approximately 2.5 times smaller than for as-plated Ni and Ni+Si coatings. The oxidised for 
50 h (Ni) + Ni3Si coatings containing hard and wear-resistant SiO2 particles also showed smaller wear mass 
loss than Ni and Ni + Si coatings.   

Keywords: Nickel, silicon, composite coating, oxidation behavior, wear resistance  

1. INTRODUCTION 

The main purpose of a composite coating is to give various properties, such as high temperature oxidation 
resistance, corrosion protection, wear resistance or self-lubrication to the coated surface. In recent years, 
composite coatings consisting of a metal matrix with particles have been studied extensively and used for a 
number of industrial applications [1 - 8]. The phases based on Ni (Ni3Al and Ni3Si) has attracted appreciable 
attention because of its great potential for applications as a high-temperature structural material due to its low 
density, high strength and good oxidation resistance at elevated temperatures. Fortunately, nickel, Ni3Al and 
Ni3Si have not only a similar structure (FCC), but also a modest lattice mismatch (with a lattice constant of 
0.3524, 0.3570 and 0.3504 nm for Ni, Ni3Al and Ni3Si, respectively) [3]. Electrodeposition is a very simple and 
cost-efficient practical method. There are two main types of electrodeposition techniques: one with the cathode 
vertically inserted in the bath and second with the cathode set horizontally. Both methods are used to produce 
composite coatings containing randomly dispersed hard ceramics (Al2O3, SiC, ZrO2) [9], polymers (PTFE) [10], 
metallic [2, 5, 6, 11] or metalloid particles [1, 8, 12, 13] in a nickel matrix. When the co-deposited particles 
react at high temperature with the metal matrix, the layers with the properties different from those achieved 
without heat treatment can be produced. The purposes of the present work were to produce electro-co-
deposited Ni+Si composite coatings with high silicon content to form after heat treatment double-phase (Ni) + 
Ni3Si coatings as well as to investigate their oxidation resistance and wear behavior. 

2. EXPERIMENTAL PROCEDURE 

2.1. Specimen preparation 

Specimens with the sizes of 20 x 20 x 5 mm were cut from a plate of C45 non-alloy quality steel (0.43 wt.% C, 
0.75 wt.% Mn, 0.04 wt.% S, 0.02 wt.% P, and balanced Fe) and then ground using SiC papers up to 1000-grit 
finish. Next the specimens were coated with a 15 m thick film of pure nickel from a Watt’s type nickel bath 
containing 300 g / l NiSO47H2O, 50 g / l NiCl26H2O and 35 g / l H3BO3. The used operating conditions were: 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1304 

current density 3 Adm-2 and temperature 40 C. The anode was a pure electrolytic Ni (>99.9 %) plate. After 
that, the specimens with as-plated Ni coatings were polished with a 1 m diamond suspension and again 
electrodeposited using the SCD technique (Figure 1).  

 

Figure 1 Schematic diagram of used sediment co-deposition technique (SCD) 

Coatings were deposited on the 20 x 20 mm surface whereas the other side of the specimen was isolated 
using a chemically-resistant glue. The composition of the bath and operating conditions were the same as 
previous. The bath additionally contained 50 g / l of pure Si powder with particles size of 1-10 m in diameter. 
During SCD, the plating solution was magnetically stirred (250 rpm) in order to keep the particles dispersed 
and suspended in the electrolyte. The SCD plating time was 2 hours. When the silicon particles are not 
pretreated with electroless nickel deposition, the content of particles in the layer usually is in the range between 
1 and 5 wt. % [1, 8]. The as-deposited coatings contained about 4.5 wt. % of Si particles. The content of 
particles was determined by weighing. The coated samples were then annealed in a furnace with a vacuum of 
10-5 Pa. The specimens were heated to 980 C, soaked for 5 h for the reaction synthesis and then furnace-
cooled naturally to room temperature.  

2.2. Cyclic oxidation 

Cyclic oxidation tests of as-received composite coatings were performed in static air at 1000 C, which is 
above the maximum service temperature for nickel-base materials [3]. The as-plated Ni coated specimen was 
used as a reference. Test samples were held in high-purity alumina boats with one specimen per boat. The 
test cycle consisted of holding at 1000 C for 10 h and furnace-cooling to room temperature. After each of 10 
cycles, the boats were removed from the furnace for mass gain measurements. Each specimen was weighted 
to an accuracy of 0.0001 g together with the boat and any spalled oxide from the coating. Since each (Ni) + 
Ni3Si coated specimen has five edge surfaces pure-Ni coated, a correction was made to the measured mass 
gains on the assumption that the Ni coated surfaces would have the same mass change per unit area as the 
as-plated Ni coated specimen. After measurements, boats with specimens were returned to the furnace for 
the next run cycle. 

2.3. Characterization  

For characterization, the specimens were sectioned and mounted in a cold setting resin. Grinding was 
conducted with successively finer silicon carbide papers up to 1000 grit. The polishing step with a 1 m 
diamond suspension was performed using a Struers polishing machine. The microstructural observations were 
conducted using a JEOL JMS-5400 scanning electron microscope (SEM) and a Nikon ECLIPSE MA 200 
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optical microscope. The chemical analysis was performed using an Oxford Instruments ISIS-300 energy 
dispersive X-ray spectrometer (EDX). The microhardness along the cross-section of the layers was performed 
by a Matsuzawa MMT tester under load of 0.981 N with a testing time of 15 s.The dry sliding wear tests were 
carried out on a commercial T-05 testing machine with a block-on-ring configuration. The coated specimens 
were mounted to steel using a cyanoacrylate glue. The tested specimens were prepared as perpendicular 
blocks with dimension 16 mm length, 10 mm height and 6.35 mm width. A 100Cr6 steel counter-specimen was 
used, hardened in the range 61-63HRC, in the form of a crowned ring of 9 mm width and 35 mm diameter. 
The investigations were performed at room temperature at a constant sliding velocity 130 rpm (0.24 m / s) for 
a load of 150 N applied via a cantilever beam. All wear test specimens were cleaned in alcohol and weighted 
to an accuracy of 0.001 g at regular intervals (10 min) during the test. A total wear time for all specimens was 
60 minutes what gave the total sliding distance of 864 m.   

3. RESULTS AND DISCUSSION 

3.1. Coating microstructure 

As-deposited Ni + Si composite coatings are characterized by grey, mat surface, with easy visible Si particles 
covered and uncovered with nickel deposit. It has been found that the heat treatment of Ni+Si composite 
coatings influenced the surface development. The surface after heat treatment was less developed in 
comparison to the untreated. Typical layered (Ni) + Ni3Si/Ni composite coating is shown in Figure 2. The 
coating is uniform in its thickness, which was controlled to be about 15 m for the Ni interlayer and about 60 
m for the composite (Ni) + Ni3Si layer. 

 

Figure 2 Optical micrograph of annealed (Ni) + Ni3Si/Ni coating after 5 h at 980 C   

Heat treatment results in diffusional reaction between the Si particles and nickel matrix to produce a range of 
Ni-Si compounds [8, 12]. Phases formed concentrically around the original Si particles or at the Ni-Si 
interfaces. During heating at lower temperatures (up to 800 C) NiSi2 and NiSi are formed by a rapid, 
exothermal reaction. When the temperature is higher than 966 C the liquid phase appears and diffusional 
processes accelerate. The composite coatings after heat treatment at 980 C for 5 h consist of a two-phase 
mixture and a nickel sublayer neighboring to the C45 steel substrate. Using X-ray microanalysis, it was found 
that the dark-gray single phase is Ni3Si containing 74.66 at. % Ni and 25.34 at. % Si. The lightly shaded region 
surrounding the Ni3Si particles is the (Ni) solid solution consisting of 94.27 at. % Ni and 5.73 at. % Si (Figure 
3). It was shown also previously by Desyatkova et al. [12] that the homogenizing annealing of Ni+Si coatings 
leads to the formation of super hard Ni3Si phase.  
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Figure 3 SEM micrograph of (Ni) + Ni3Si coating (a) and the energy spectrum for emitted X rays for Ni3Si (b) 

3.2. Oxidation resistance 

Figure 4 provides the mass changes of as-plated Ni and (Ni) + Ni3Si coatings prepared during cyclic oxidation 
at 1000 C for the periods of up to 100 h. 

 

Figure 4 The cyclic-oxidation behavior at 1000 C for Ni and (Ni) + Ni3Si coatings  

At 1000 C, the nickel coating and (Ni) + Ni3Si coating obey the parabolic rate law, which implies that oxidation 
is bulk-diffusion controlled. On the basis of measurement, relationships between the mass change per area (d 
- expressed in gcm-2) of the oxidized specimens and the holding time (t - expressed in hours) have been 
determined and they are 0.0007t0.55 and 0.00025t0.4 for Ni and (Ni) + Ni3Si coatings, respectively (Figure 4). 
A high mass gain for nickel and about 6 times lesser for (Ni) + Ni3Si coatings are found after 100 hours at 1000 
C. EDS analysis showed that the surface scale was composed of non-protective NiO for Ni and mainly silica 
NiSiO3 for (Ni) + Ni3Si coatings. Below the NiSiO3 spinel zone, a continuous SiO2 layer was formed in 
composite coatings. The (Ni) + Ni3Si coatings are capable of forming continuous protective silicon dioxide 
scales below an outer NiSiO3 layer because the Si concentration in the coatings is high enough and the 
diffusion rate is fast enough to supply Si to the surface in order to maintain SiO2 scale growth. 
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3.3. Microhardness measurements 

Microhardness measurements were conducted for the coated specimens. The results showed that the as-
plated Ni+Si coating (385 HV) was 1.7 times harder than the electrodeposited Ni coating (230 HV). The results 
of hardness measurements after heat treatment showed that the hardness of the reaction-formed (Ni) + Ni3Si 
layer was 820 HV. Desyatkova et al. [12] reported that layers converted from Ni + Si coatings are hard because 
of the formation of super hard Ni3Si phase. The increase in hardness is typical for composite coatings 
containing particles [1, 4, 6, 7, 13]. The results for the specimens after oxidation tests performed for 50 h 
showed that the microhardness near the surface decreased from 820 HV to about 550 HV, which was 
attributed to the depletion of the Ni3Si phase. A hardness peak of about 660 HV appeared at about 15 m 
within the outer layer where SiO2 particles were previously revealed.  

3.4. Wear behaviour 

The wear mass loss of the investigated materials gradually increased with increasing wearing time and 
simultaneously with sliding distance. The order of the wear mass loss in the experiment can be ranked as C45 
steel-substrate < Ni < Ni + Si < (Ni) + Ni3Si. The wear mass loss of the (Ni) + Ni3Si coating was found to be 
2.2 - 2.8 times smaller than for as-plated Ni and Ni+Si coatings. Moreover, the wear mass loss of the oxidised 
for 50 h (Ni) + Ni3Si coating was also much lesser than for Ni and Ni + Si coatings. Figure 5 shows the relation 
between the wear mass loss of the C45 steel substrate, nickel, Ni + Si, (Ni) + Ni3Si , oxidised for 50 h (Ni) + 
Ni3Si coating and the testing time. 

 

Figure 5 The wear mass loss with testing time for C45 steel, as-plated Ni and composite coatings  

The worn surfaces of C45 steel substrate and nickel coating were smooth, accompanied by slight scratches 
showing the evidence of plastic deformation. The considerable layer detachment appeared on the worn 
surface of the Ni + Si coated sample, which was attributed to adhesion wear. For the (Ni) + Ni3Si coating the 
worn surface exhibited negligible signs of plastic deformation and a small amount of debris particles stuck 
along the sliding direction. Locally, a mini-cracked surface layer was present. The worn surface of the oxidised 
for 50 h (Ni) + Ni3Si coating was generally rougher, with remnants of the SiO2 particles visible at the surface. 
In addition, occasional surface cracking was observed along the sliding direction.   
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4. CONCLUSION 

It was stated that there is a possibility of the electrolytic production of Ni-based coatings embedded particles 
of silicon. The percentage of Si in the composite layers obtained from a bath with dispersed Si powder was 
about 4.5 wt. %. It was ascertained that the heat treatment of Ni + Si coatings led to production of a new kind 
of composite coatings containing a range of Ni-Si compounds. The composite coatings after heat treatment at 
980 C for 5 h consisted only of a two-phase mixture: Ni3Si particles surrounded by the solid solution of silicon 
in nickel (Ni). Therefore, composite (Ni) + Ni3Si coatings on C45 steel-substrate could be easily developed via 
three-step technology: electrodeposition of nickel interlayer, sediment co-deposition of Ni + Si and subsequent 
vacuum annealing. At 1000 C, (Ni) + Ni3Si coatings follow parabolic oxidation kinetic. During oxidation a thin 
continuous SiO2 layer formed below a layer of NiSiO3. After 100 h at 1000 C a mass gain for (Ni) + Ni3Si 
coating was about 6 times lesser than for nickel coating. The results of hardness measurements showed that 
as-plated Ni + Si coating was 1.7 times harder than the electrodeposited Ni coating, but the hardest was (Ni) 
+ Ni3Si coating (820 HV) due to the presence of the super hard Ni3Si phase. The wear mass loss of the (Ni) + 
Ni3Si coatings was about 2.2 - 2.8 times smaller than for as-plated Ni and Ni + Si coatings. The oxidised for 
50 h (Ni) + Ni3Si coatings containing hard and wear-resistant SiO2 particles also showed smaller wear mass 
loss than Ni and Ni+Si coatings.   
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Abstract  

Titanium dioxide (TiO2) is one of the most useful materials in various applications related to catalysis, 
electronics, photonics, sensing, and medicine. TiO2 is characterized by high chemical stability, outstanding 
optical and electrical properties, a non-toxic nature, and ease of mass production, and this is what causes it to 
be successfully used as a photocatalyst in many fields such as anti-bacterial applications, water purification, 
the decomposition of various organic pollutants, and solar cell applications TiO2 thin films can be prepared by 
a variety of methods, such as the sol-gel method, pulsed laser deposition, chemical vapour deposition, spray 
pyrolysis, and sputtering techniques. The magnetron sputtering method can produce highly homogeneous 
films characterized by good adhesion to the substrate. This method also offers the advantage of depositing 
films on a large scale area, which makes it suitable for industrial applications. TiO2 coatings prepared by 
magnetron sputtering method have two types of crystallographic structures: rutile and anatase, which are 
characterized by difference properties. For example, anatase can be characterized by better photocatalytic 
properties, while rutile has a higher absorbance property than anatase. Depending on the contribution of 
particular phases in the crystalline structure, the TiO2 coating is characterized by different functional properties. 
The article presents the influence of the chemical composition of the process atmosphere on phase 
composition TiO2 coatings obtained by reactive magnetron sputtering. The research methods also include the 
microstructure and the mechanical properties analysis of the obtained coating. 

Keywords: Titanium dioxide, magnetron sputtering, PVD 

1. INTRODUCTION 

Titanium dioxide (TiO2) is characterized by high chemical stability, outstanding optical and electrical properties, 
a non-toxic nature and ease of mass production [1]. It is also a very good catalyst used in many application 
areas [2,3]. One of the main photocatalytic properties of titanium dioxide (TiO2) is its ability to self-purify [4]. 
Due to the fact that, under the influence of light on its surface, there are oxidation processes and decomposition 
reactions of organic compounds, various types of contaminants fall off or easily or can be rinsed with water by 
spaying or immersion. In addition, titanium dioxide exhibits strong bactericidal properties [5], which intensify 
under the influence of UV radiation. TiO2 is also a strongly hydrophilic material [6]. The contact angle of water 
with glass coated with titanium dioxide can be up to several degrees. This low water wetting angle makes 
these coatings can be successfully used to improve the filtration properties of membranes used in water 
filtration processes, which have to be characterized by hydrophilicity in addition to bactericidal and anti-
biofouling properties. The state of the art has shown that the properties of TiO2 coatings depend, among other 
things, on the phase composition [7]. TiO2 coatings may have three types of crystallographic structures: 
brooklite, rutile, and anatase, which are characterized by difference properties. For example, anatase is 
characterized by better photocatalytic properties, while rutile has a higher absorbance property than anatase. 
Depending on the contribution of particular phases in the crystalline structure, the TiO2 coating will be 
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characterized by different functional properties. TiO2 thin films can be prepared by a variety of methods such 
as the sol-gel method, pulsed laser deposition, chemical vapour deposition, spray pyrolysis, and sputtering 
techniques [1, 7, 8, 9]. The magnetron sputtering method can produce highly homogeneous films characterized 
by good adhesion to the substrate. This method also offers the possibility of forming the phase structure 
according to the technological parameters of the process [10, 11].  

2. EXPERIMENT 

2.1. Thin film preparation 

TiO2 thin films were deposited by the magnetron sputtering method. The samples were made of pure iron 
(Armco). The substrates were mechanically polished using abrasive paper 1000, and chemically cleaned in a 
trichloroetylen (CHCl) ultrasonic bath. The PVD coating deposition process was executed with the use a device 
produced by the Institute for Sustainable Technology - National Research Institute in Radom (ITeE-PIB 
Radom). A pure titanium target (99.99 %) with a 160 mm diameter was used as a sputter target. The gases 
used are pure argon (99.99990 %) as the sputtering gas and pure oxygen (99.99 %) as the reactive gas. All 
the samples were fixed on the substrate holder, and the distance between the target and the substrate holder 
was set to 120 mm. The target was continuously cooled by water. Before each deposition, the sputtering 
chamber was evacuated down to a pressure of 5.5 × 10−5 mbar, then argon and oxygen gases were introduced 
at constant flow rates. The rate of oxygen flow was varied (5 %, 8 %, 12 %, 15 %), whereas all other deposition 
parameters were kept constant. The discharge was generated at a constant DC power of 1300 W. The 
deposition time was fixed at 240 min. The voltage applied to the substrate was 0 and the working gas pressure 
was 5 x 10-3 mbar. 

2.2. Thin film characterization 

The microstructure and surface morphology of the TiO2 coatings were characterized with the use of SU-70 
Hitach scanning microscope. The microstructure observations were carried out on a properly prepared sample 
in the form of brittle fracture. The thicknesses of the coatings were carried out on metallographic samples 
mechanically polished applying Struers equipment and technique. To investigate the structure of obtained 
films, a Bruker D8 Discover diffractometer was used in Bragg-Brentano geometry (θ-2θ geometry), at room 
temperature with Co Kα radiation. The mechanical properties of the films, such as hardness and Young’s 
modulus, were investigated using the CSM Instrument nanoindenter equipped with a Berkovich diamond 
indenter tip. The indenter was operated in the continuous stiffness mode with a maximum load of 100 mN. The 
applied load is 3 mN. The wettability of the samples was studied using equipment produced by ITeE-PIB in 
Radom. An average value of the contact angle between the sample surfaces and a minimum of two deionized 
water drops was measured using the sessile drop method. The static contact angle was obtained analysing 
the captured images using the Tangent Method 1 algorithm [12].  

3. RESULTS 

3.1. Material characterization of TiO2 coatings. 

The main target of this study is analyse TiO2 thin film phase structures prepared with different rates of oxygen 
in the chemical composition of the working atmosphere. The crystal structure of the films is shown in Figure 1. 
The XRD patterns indicate that the samples prepared in the working atmosphere with the lowest oxygen 
content (5 %) were characterized by structure composed by anatase, brooklite, and rutile. Increasing the 
oxygen content to 8 % in the chemical composition of the working atmosphere resulted in a significant increase 
the anatase fraction in the phase structure of the coating. From the results of XRD measurement, it can be 
noticed that, when the oxygen contents were higher (12 and 15 %), the obtained TiO2 coating was composed 
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of only the anatase phase. Thus, it is clear that the crystal formation is influenced by the chemical composition 
of the working atmosphere. 

 
Figure 1 XRD patterns of TiO2 coatings deposited in different O2 content  

in gas atmosphere 

The analysis of the microstructure of coatings prepared using different working atmospheres indicated 
significant differences in their structural construction (Figure 2). The coating prepared in the working 
atmosphere with the lowest oxygen content (5 %) was characterized by a very irregular, porous structure 
(Figure 2a). Increasing the oxygen content to 8% in the chemical composition of the working atmosphere 
resulted a significant refinement with a densely packed, non-porous, homogeneous structure of the coatings 
(Figures 2b, c, d). Cross sectional analysis revealed significant differences in coating thicknesses despite the 
same deposition times (Figure 3). These differences may be due to the “poisoning” of the magnetron source 
during the process producing a decrease in the intensity of the deposition. Increasing the oxygen content in 
the working atmosphere by only 10% resulted in almost a 10-fold decrease in the film thickness 
(Figures 3a, d). Cross-section SEM images showed that thin films prepared in a gas atmosphere with 8 %, 
12 %, 15 % content of O2 were nanocrystalline with crystallite sizes in the range from 30 nm to 50 nm 
(Figures 3b, c, d). Only the TiO2 coating prepared with the lowest content of O2 was microcrystalline with a 
crystallite size of about 0.5 µm (Figure 3a). 

Table 1 Mechanical properties of TiO2 coatings 

Type of coating 

Composition of working atmosphere 

L1 - TiO2 

(5%O2+95%Ar) 

L1 - TiO2 

(8%O2+92%Ar) 
L1 - TiO2 

(12%O2+88%Ar) 

L1 - TiO2 

(15%O2+85%Ar) 

Hardness (GPa) 6.0 5.0 5.5 6.5 

Young modulus (GPa) 125 127 130 610 

Roughness (µm) 0.300 0.039 0.030 0.015 
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Figure 2 SEM images of the microstructure and morphology of the TiO2 coatings deposited in different O2 
contents of the working atmosphere: a) 5 % O2, b) 8 % O2 c) 12 % O2, and d) 15 % O2 

  

Figure 3 Cross-section of SEM images of TiO2 thin films deposited in different O2 contents of working 
atmospheres: a) 5 % O2, b) 8 % O2 c) 12 % O2, d) 15 % O2 

The effect of increasing the proportion of oxygen in the gas atmosphere to significantly reduce the surface 
roughness of the obtained coatings is also observed (Table 1). The roughnesses of TiO2 thin films were  
Ra1 = 0.25 µm, Ra2 = 0.039 µm, Ra3 = 0.030 µm, and Ra4 = 0.015 µm for the films produced with the oxygen 
contents of 5 %, 8 %, 12 %, 15 %, respectively. Analysis of mechanical properties (Table 1) showed no 
significant differences between the tested coatings. All coatings were characterized by similar hardness and 
Young's modulus. Only in the case of a coating produced in a working atmosphere of 15 % O2 and 85 % Ar, 
was a Young's modulus of 600 GPa noted. 
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3.2. Functional properties 

TiO2 is an outstanding photocatalytic material, which attracts many studies on the photocatalytic behaviour of 
TiO2 thin films. In this study, water contact angle measurements were conducted to examine the UV-induced 
phenomena of the films. Figure 4 shows the contact angles before and after UV illumination for the films 
obtained using different chemical compositions of the working atmosphere. Before UV light irradiation, the 
contact angles of TiO2 thin film were 20˚ and 15˚ for the films with the oxygen contents in the chemical 
composition of the gas atmosphere of 5 % and 8 %, respectively. TiO2 coating produced in gas atmosphere 
with higher contents of O2 (12 % and 15 %) were characterized by significantly higher contact angles 40-45˚. 
TiO2 is a hydrophilic material, where the contact angle of the flat dense TiO2 layer is about 50-60˚. Therefore, 
it is reasonable to obtain a good hydrophilic TiO2 thin film with a reactive sputtering process. 

 

Figure 4 Wettability measurements results of TiO2 thin films deposited in different O2 contents in gas 
atmospheres: a) 5 % O2, b) 8 % O2 c) 12 % O2, d) 15 % O2 

After 10 min of UV light irradiation, the thin films that were produce using a gas atmosphere with a low content 
of O2 (5 % and 8 %) became super-hydrophilic. The contact angles were below <8˚ and revealed  good 
photocatalytic wettability. For the other coatings, no significant change in the contact angle after UV irradiation 
was observed. The film thickness does not affect the hydrophilicity, because it is only related to the physical-
chemical property of the film surface. The reason for this better photo-induced hydrophilic film is probably the 
phase structure on the surface. Layers consisting of an anatase-brooklite phase show a faster drop in the 
contact angle than did the anatase layers. 

4. CONCLUSION 

The DC reactive magnetron sputtering process without external substrate heating has been successfully used 
for the deposition of crystalline TiO2 thin films with hydrophilic activity. TiO2 thin films were deposited using 
magnetron sputtering with various chemical compositions of the working atmosphere. Other deposition 
conditions, such as sputtering power, pressure, and the distance between the target and substrates, were 
maintained constant in each process. Therefore, the influence of the sputtering gas atmosphere on 
microstructure, surface, and the mechanical and functional properties could be determined. Thin films 
prepared with O2 ratios of 5 % and 8 % in the gas atmosphere had compositions of rutile, anatase, and brooklite 
phases. The other samples had only an anatase structure. Surface investigations revealed that all thin films 
were densely packed and consisted of nanocrystalline grains. Cross-sectional SEM images showed that thin 
films prepared in gas atmospheres with 8 %, 12 %, and 15 % content of O2 were nanocrystalline with crystallite 
sizes in the range from 30 nm to 50 nm. Only the TiO2 coating prepared with the lowest content of O2 was 
microcrystalline with a crystallite size of about 0.5 µm. Due to the change of sputtering gas atmosphere, there 
was also a change in roughness. All deposited thin films were characterized by very good wettability. The well-
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crystalline composition of anatase and brooklite TiO2 thin films obtained in a gas atmosphere with 8 % content 
of O2 exhibited the best hydrophilicity before and after UV irradiation. The TiO2 thin film obtained in a gas 
atmosphere with a 5 % O2 content was easily rendered to be super-hydrophilic after a short period of UV light 
irradiation. Layers that contain only the anatase phase show worse super-hydrophilicity than layers containing 
a composition mainly of the anatase and brooklite phases. The experiments demonstrated that magnetron 
sputtering is a convenient technique for the deposition of UV-induce hydrophilic TiO2 thin films. 
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Abstract 

An original method was recently developed for an assessment of residual stresses in case-hardened steels 
based on S-N curves of hardened and virgin samples along with the measurement of location of fish-eye crack 
centres. This method is applicable only when the surface of virgin specimens is sufficiently smooth to avoid 
the initiation of fatigue cracks from large surface defects. A systematic study focused on identification of the 
applicability range was started using specimens with extremely rough surfaces finished by turning. The 
analysis yielded compressive stresses up to 700 MPa at the hardened surface and high tensile stresses up to 
500 MPa in the specimen bulk. The most probable location of fish-eye centres was, however, predicted to be 
in a significantly higher depth than that found in the real specimens. This could be attributed to the large surface 
damage induced by turning which, therefore, lies beyond the acceptable range of surface machining.   

Keywords: Nitrided steel, residual stress, fish-eye crack, S-N curves 

1. INTRODUCTION 

The coated materials rapidly become an increasing importance for many engineering components since they 
improve the structural integrity in various aspects. With respect to their function, the coatings can be divided 
into two main classes: (i) surface protection and (ii) surface hardening [1]. Diffusion aluminide coatings (DACs), 
overlay coatings (OLCs) and thermal barrier coatings (TBCs) are typical representatives of the first class. The 
most popular representatives of the second class are carburized, nitrided or carbonitrided surface layers 
(CNSLs) produced by diffusion processes. They increase the surface hardness of a substrate material and 
introduce compressive residual stresses [2, 3]. 

The recent knowledge of crack initiation and propagation mechanisms in materials with CNSL is rather good.  
It is well known that a higher strength of CNSLs and a presence of compressive residual stresses are the main 
reasons for improved fatigue strength. Since such layers hinder the dislocation motion, the predominant failure 
mechanism in the high cycle fatigue region is the subsurface fatigue crack growth [4]. As a rule, the cracks 
initiate on the internal inclusions within the innermost sub-layer of the hardened surface layer and propagate 
in a near vacuum by forming so-called fish-eye cracks (see Figures 1 and 2). When the crack front approaches 
the low-toughness CNSL, a local through-the-layer brittle cracking creates a connection to the surface and, 
subsequently, a penetration of the atmosphere inside the fish-eye. This changes the growth mechanism to an 
environmentally assisted one which leads to a different surface roughness and the optical contrast. The fish-
eye cracks are usually of either a circular or an elliptical shape depending on the type of loading (push-pull, 
rotating bending/plane bending) and the absence / presence of high compressive residual stresses introduced 
by some of the surface hardening procedures [5].  

It should be noted that the fish-eye cracks can also be found on fracture surfaces of uncoated metallic materials 
loaded in the ultra-high cycle fatigue region. It was theoretically predicted and experimentally confirmed that, 
in this case, the crack initiation stage covers more than 95 % of fatigue life (e.g., [6, 7]).  
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Figure 1 Fish-eye crack in a nitrided specimen; a) the global SEM 
view b) inclusion in the fish-eye centre. 

Figure 2 Scheme of CNTL sub-layers 
with a fish-eye crack on the fracture 

surface. 

This article is devoted to an assessment of residual stresses in a nitrided high-strength steel using an original 
method recently published by the authors [5]. This simple method can be employed as an alternative 
measurement of residual stresses within hard surface layers that are usually performed by means of methods 
based on different physical principles as X-ray, magnetism or mechanical removal of material. 

The new method is relevant only when the surface of virgin specimens is sufficiently smooth to avoid the 
initiation of fatigue cracks from large surface defects (artificial intrusions) made by machining. Therefore, the 
range of its applicability is limited by a still acceptable upper bound of surface roughness of virgin specimens, 
identification of which is the aim of recently started systematic investigation. This article reports on the first 
research result achieved by using samples with extremely rough surfaces.  

2. BRIEF DESCRIPTION OF THE NEW METHOD   

In the pure rotating bending, the direction of internal stresses is equal to that of the main stress. The orientation 
of the residual stress vector is opposite to that of the main stress during the tensile loading half cycle and 
identical during the compressive half cycle. This means that, in the bulk of the nitrided specimens, the presence 
of residual stresses res shifts the S-N (Wöhler) curve for a symmetric loading (R = 1) of the virgin specimens 
to different curves corresponding to lower (R < 1) or higher (R > 1) cyclic ratios. To correctly assess the 
effect of residual stresses on this shift, therefore, the values of external (applied) stress at the initiation sites 
(centres of primary fish-eyes) must be precisely identified. The difference between this internal S-N curve and 
that for the virgin specimens (without the nitrided layer) is a measure of residual stress levels in the depths 
corresponding to crack initiation sites. Thus, the new method for residual stress assessment consists of several 
procedures applied to fracture surfaces and both above mentioned S-N curves as described below in a 
stepwise manner:  

(i) Measurement of the distance of the k-th fish-eye centre from the specimen surface in the radial 
direction. This distance is called an initiation depth hk;  

(ii) Calculation of the amplitude of the bending stress σak that corresponded to the initiation depth hk on 
the fracture surface of the k-th specimen during its rotating bending loading;  

(iii) Identification of the number of cycles to failure Nfk corresponding to the kth specimen in the rotating 
bending test; 

(iv) Determination of the stress amplitude vσak on the surface of uncoated specimens that corresponded 
to the number of cycles to failure Nfk according to the Wohler curve for uncoated specimens; 
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(v) Employment of both the ratio σak / vσak and the relationship generally describing the shift of S-N curves 
(according to Soderberg or Goodman approximations [5]) to determine the mean stress σmk = σres,k 
corresponding to the depth hk within the coating. 

The construction of the shape of whole residual-stress surface related to the specimen cross- section from the 
fish-eye data, which are restricted just to the innermost sub-layer, is enabled by knowledge of some necessary 
physical rules and positions of special sets of points:  

(vi) The residual-stress profile possesses a characteristic, circularly symmetric shape that can be 
mathematically described by a multi-parameter function  
σres(h) = A1(exp(-A2(h + A3)) - exp(-A4(h + A3))) (h - A5), where  A1, …, A5 are fitting parameters. 

(vii) The value of the surface integral of residual stresses throughout the specimen cross-section must be 
zero. 

(viii) The positions of both the zero-stress (transition compressive-tensile) and the maximum tensile-stress 
circles on the cross-section are determined by the innermost data. 

Figure 3 shows a comparison of the experimental stress profile determined by X-ray diffraction with that 
constructed from the fish-eye data obtained from nitrided samples made of high-strength steel [5]. The surface 
roughness of virgin samples corresponded to a standard grinding number of 0.32.  

 

Figure 3 Stress profiles obtained by experiment (X-ray) and approximation of fish-eye data (new method) for 
nitrided specimens with surfaces finished by fine-grinding 

3. EXPERIMENTAL MATERIAL AND S-N CURVES  

The specimens were made of quenched and tempered 31CrMoV9 high-strength steel with surfaces hardened 
by diffusion nitriding. The chemical composition of this steel is in Table 1 and the basic mechanical properties 
are shown in Table 2, the hardness value of HV 784 in 0.1 mm depth. The final machining of the specimens 
was made just by turning which left circumferential scratches on the surface even visible to the naked eye - 
see Figure 4. The S-N curves of nitrided and virgin specimens are plotted in Figure 5 along with experimental 
data.  

One can see that the there is a significant scatter of the S-N data of virgin specimens especially in the high-
cycle region and near the fatigue limit that is a consequence of their rough surfaces. In this region, the S-N 
curve of virgin specimens is significantly shifted down with respect to the S-N curve for nitride specimens. 
Thus, there is a large improvement of the fatigue limit due to the surface hardening and partial smoothing 
caused by the nitriding process. Indeed, the fatigue limit of virgin specimens is more than two times lower than 
that of the nitrided ones. 
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Figure 4 Circumferential micro-scratches on the specimen surface caused by turning 

Table 1 Chemical composition of the 31CrMoV9 high-strength steel 

C Si Mn P S Cr Ni Mo Al Cu Co 

0.321 0.256 0.664 0.012 0.027 2.58 0.134 0.229 0.022 0.167 0.0068 

           

Ti Nb V W Pb B Sb Sn Zn As Bi 

0.0023 0.0038 0.184 0.007 0.0014 0.008 0.0027 0.01 0.004 0.0049 0.0015 

           

Ta Ca Ce Zr La Se N Fe Cr+Mo+Ni  

0.007 0.005 0.002 0.0015 0.0003 0.002 0.0085 95.36 2.94  

Table 2 Mechanical properties of the 31CrMoV9 high-strength steel 

Ultimate stress σu (MPa) Yield stress σy (MPa) Elongation (%) 

1048 957 15 

 

Figure 5 The S-N curves of nitrided and virgin specimens along with experimental data 
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4. EVALUATION OF RESIDUAL STRESSES 

The data reflecting the amplitude of the bending stress σak corresponding to the depth hk of the k-th fish-eye 
centre on the fracture surface are plotted as solid circles in Figure 5. All these data lie in between the SN 
curves of virgin and nitrided specimens and, therefore, they all lie in the region of compressive residual 
stresses. The related values of residual stresses σres,k, computed using the Soderberg approximation, are 
plotted in dependence of the depth hk in Figure 6 along with the fitting curve σres(h) determining the profile of 
calculated residual stresses inside the nitrided specimens.  

 

Figure 6 The fitting curve σres(h) determining the profile of calculated residual stresses inside the nitrided 
specimens with surfaces finished by turning. 

One can observe that the tensile values of the fitting curve σ(h) deep in the specimen core are very high. This 
indicates that this result might not be plausible. The test of plausibility (see Figure 7) is based on the 
comparison of fatigue limit of virgin specimens modified by the predicted residual (mean) stress in the bulk of 
the nitride specimens (dashed-and-dot line) with the bending stress along the whole specimen radius, applied 
at the fatigue limit of nitrided specimens (full line). The difference between the applied bending stress and the 
fatigue limit as a function of the depth is plotted by the dotted line in Figure 7.  

 

Figure 7 Comparison of fatigue limit of virgin specimens modified by the predicted residual (mean) stress in 
the bulk of the nitride specimens (σav(h)) with the bending stress along the whole specimen radius, applied at 

the fatigue limit of nitrided specimens (σav(h)). The difference between the applied bending stress and the 
modified fatigue limit of virgin specimens (σa(h) -  σav(h)) is also plotted. 
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The highest difference corresponds to the depth of 1.6 mm, where the centres of fish eyes should have been 
preferentially found on the fracture surfaces of nitrided specimens already at the fatigue limit. This depth 
corresponds to the location of the high tensile residual stresses well outside the nitrided layer. However, no 
fish-eyes were found in this location even in specimens fractured under applied bending stresses higher than 
the fatigue limit. Such an overestimation of the magnitude of residual stresses is caused by the fact that the 
S-N curve for virgin specimens lies too much below that for the nitrided specimens. This is a consequence of 
large surface intrusions induced by turning which extremely reduce the fatigue resistance of virgin specimens 
when compared to that of the bulk of nitrided specimens. Thus, the turning lies beyond the acceptable range 
of the surface machining. 

5. CONCLUSIONS 

The original method uses the difference between the bulk S-N curve surface hardened specimens and that for 
the virgin specimens as a measure of residual stress levels in the depths corresponding to initiation sites of 
fish-eye cracks. This method is relevant only when the surface of virgin specimens is sufficiently smooth to 
avoid the initiation of fatigue cracks from large surface defects (artificial intrusions) made by machining.  
Identification of the range of its applicability is the aim of recently started systematic investigations. The 
research started with samples of extremely rough surfaces finished by turning which left circumferential 
scratches on the surface even visible to the naked eye. The analysis yielded maximum compressive stresses 
of about 700 MPa at the hardened surface but too high maximum tensile stresses of 500 MPa in the specimen 
bulk. The test of the plausibility of the result, based on the identification of the most probable depth of finding 
fish-eye centres, predicted depths significantly higher than the real ones. This can be attributed to the large 
surface intrusions induced by turning which extremely reduce the fatigue resistance of virgin specimens when 
compared to that of the bulk of nitrided specimens. Thus, the turning lies beyond the acceptable range of 
surface machining. 
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Abstract 

Thanks to its unique properties such as high melting point and density, tungsten and tungsten-based alloys 
are commonly used in a wide range of applications. Among others, these materials are promising candidates 
for the plasma facing components in the future fusion reactors. One of considered ways of production of these 
parts is plasma spraying. There are however several limitations for conventional gas stabilized torches, mainly 
in plasma enthalpy (i.e. the ability to efficiently melt tungsten particles in considerable feed rates) and 
susceptibility of tungsten to oxidation (which complicates spraying in oxidizing open-air atmosphere). The radio 
frequency inductively coupled plasma torch (RF-ICP) is a unique system which can potentially overcome both 
these problems and can be used for efficient tungsten spraying. The tungsten powder, which can be finer than 
the one used for the conventional systems, is fed axially into the hot plasma core; both factors lead to a more 
efficient melting of the particles. The deposition is performed in a chamber with controlled atmosphere of inert 
gas or decreased pressure, the oxidation is therefore suppressed. In this first study carried out with the newly 
commissioned RF-ICP system TekSpray 15 (Tekna), samples of tungsten coatings on graphite substrates 
were prepared. The X-ray diffraction and SEM images of the free surfaces and cross-sections were obtained, 
documenting high purity of the deposits and appropriate flattening of the splats leading to a dense coating 
microstructure. The effect of substrate preheating on the microstructure, porosity and hardness was also 
studied. 

Keywords: Radio frequency inductively coupled plasma torch, tungsten, plasma facing components, 
                   plasma spraying 

1. INTRODUCTION 

Majority of the unresolved issues concerning the design of future nuclear fusion reactor is related to materials. 
The reactor parts referred as first wall and divertor (the so called plasma facing components or PFCs) will be 
subjected to harsh conditions that will gradually deteriorate properties of the wall material. In fusion 
environment, the PFCs will be subjected to a complex loading involving high fluxes of heat and particles from 
the fusion plasma, associated mechanical loads, neutron irradiation, etc. [1]. Very few materials are suitable 
for such conditions, and these are subject of worldwide research and development. For the ITER PFCs, 
tungsten and beryllium are planned, while for the next step device, DEMO, tungsten and tungsten alloys are 
foreseen as the primary candidates. Advantageous properties of tungsten-based materials include high 
melting point, good thermal conductivity, high resistance to sputtering and low tritium retention. Among 
tungsten’s drawbacks are difficult machining, intrinsic brittleness at lower temperatures and propensity to 
recrystallization at higher temperatures. 

Plasma spraying is an alternative technology for the production of the PFCs. Generally, plasma spraying 
involves melting of a material in form of a powder and its deposition on another bulk material frequently called 
substrate. In the terms of advanced PFCs, the deposited material is tungsten and the substrate is a structural 
material, e.g. copper or special steel grades. Plasma spraying has several advantages - namely being a 
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single-step manufacturing technology, without the need for further joining, the ability to coat large-area 
components, including non-planar surfaces, easy formation of graded composites, relatively low heat input to 
the coated parts, relatively low cost and high coating thickness capability [2]. The major disadvantage of the 
plasma sprayed coatings, stemming from their layered and porous structure, is their relatively low thermal 
conductivity. Oxidation also significantly contributes to the unfavourable properties since oxides are located 
mainly at the interlayer boundaries, thus further lowering coating cohesion and thermal conductivity. Coating 
properties can be improved by suppressing oxidation during the deposition process which can be realized by 
various ways, e.g. chemically by addition of WC to the deposited powder [2], by application of various 
shrouding chambers [3] or by deposition in vacuum [4]. The induction coupled plasma (ICP) method is a unique 
plasma spraying technology that involves deposition of the coatings in a reactor chamber. For the purpose of 
tungsten coating production, the chamber can be either evacuated of filled with inert or reducing gas. 

In this first study carried out with a newly commissioned RF-ICP system, samples of tungsten coatings on 
graphite substrates were prepared. Besides X-ray diffraction analysis and SEM observation of the coatings, 
the effect of substrate preheating on the microstructure, porosity and hardness was also studied. 

2. EXPERIMENTAL 

Two samples of tungsten (W) coating on a graphite substrate were prepared with the RF-ICP system TekSpray 
15 (Tekna). Mean particle size of the used powder was under 63 µm and the powder was fed axially into the 
plasma core, approximately in the middle of height of the coil inducing the plasma. The feed rate was around 
13 g·min-1, the spraying distance, measured from the end of the torch, was 70 mm. The mixture of argon and 
hydrogen gas was used as plasma-forming gas and a slight overpressure around 1034 kPa was kept in the 
chamber during the deposition. The substrates were disc-shaped, 6 cm in diameter and 1 cm in height and 
rotated during the spraying with the speed of 22 RPM. The disc center was shifted 5 mm from the axis of the 
plasma jet in order to avoid local overheating of the substrate center. The powder was sprayed on both 
substrates for one minute, however one substrate was preheated in the plasma jet (with deactivated powder 
feeding) for one minute before the deposition, while the other was not. The appearance of the samples after 
the spraying with the deposited tungsten coating is illustrated in Figure 1. The specimens were cut in half, 
mounted in resin and metallographic cross-sections were prepared. The samples were grinded on SiC paper 
up to grit size FEPA 4000 and polished with 1 µm polycrystalline diamond suspension for 40 min on the 
machine Tegramin-25 (Struers). The last step of the preparation was 20 min of the oxide polishing with 5:1 
mixture of OP-S suspension and 30 % H2O2 

Phase composition of the as-sprayed samples was 
investigated on the free surface by X-ray diffraction method 
(XRD). Diffractometer D8 Discover (Bruker) assembled in 
Bragg-Brentano symmetric geometry was equipped with 
polycapilary optics creating a parallel beam of 1 mm 
diameter and 1D detector LynxEye. Scanning electron 
microscopy (SEM) of free surfaces and cross-sections of the 
samples was performed on EVO MA 15 (Carl Zeiss), the 
elemental analysis was performed by energy-dispersive X-
ray spectroscopy (EDS) on EDS Quantax (Bruker). The 
porosity of the coatings was evaluated by image analysis of 
the cross-sections images, the hardness was measured on 
the Nexus 4504 (Innovatest) with the load of 0.3 kgf. 

Figure 1 Preheated sample after tungsten 
coating deposition 
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3. RESULTS AND DISCUSSION 

Coatings with metallic appearance (Figure 1) were successfully deposited in both experiments. X-ray 
diffraction patterns obtained from the free surface of the samples are presented in Figure 2 and confirmed, 
that a very pure W coating was obtained. The EDS analysis from the cross-sections discovered besides 
tungsten also small amount of 
oxygen (around 1 wt. %) but no 
oxidic splats were observed within 
the coating microstructure. 
Detection of oxygen might have 
been caused by the cross-section 
preparation process. Nevertheless, 
these results are very promising as 
similar oxygen contents were 
obtained with the water stabilized 
plasma torch only with use of a 
special shrouding chamber and 
after thorough optimization of 
spraying conditions [3]. 

 

     

     
Figure 3 Micrographs of the coatings free surface: without preheating (left) and with preheating (right) 

The micrographs of the coating free surfaces are presented in Figure 3. Both samples exhibit formation of 
appropriate pancake-like splats which suggests also good melting of the powder during the spraying. 

Figure 2 Diffraction patterns from the free surfaces of the samples 
documenting pure W coating 
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Figure 4 Microstructure of the coatings: without preheating (left) and with preheating (right), general 

overview (top row), cross-section showing span of the columnar grain trough several splats (middle row), 
detail of the columnar grains (bottom row) 

The microstructures of the cross-sections are presented in Figure 4. The maximum thickness of the coating 
was around 570 µm for the sample without preheating and around 730 µm for the preheated specimen. This 
difference suggests that the preheating might have an influence on the deposition efficiency. This hypothesis 
however has to be statistically validated. The main difference in the appearance for the two samples is in the 
porosity of the coating close to the substrate which is obviously slightly higher for the sample without 
preheating. Once the sample was heated enough during the course of spraying, the microstructure started to 
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be very similar to the one of the preheated sample. The outer layers of the cross-section (and also surfaces 
presented in Figure 3) therefore look very similar for both samples. Sensitivity of the porosity of sprayed 
tungsten to the preheating was observed also in [5]. 

Despite porosity gradient of the non-preheated sample, the mean porosity of the deposited coatings was 
between 3 - 4 % which is also a very promising for further experiments. The values of Vickers hardness HV0.3 
were measured in different depths of the coatings and did not show any significant difference, since the 
hardness values were practically identical, i.e. 370 ± 32 HV0.3 for the non-preheated and 370 ± 31 HV0.3 for 
the preheated specimen. Substantial deformation of the deposited tungsten under the indent is apparent from 
Figure 5. 

     
Figure 5 Indentation in the cross-section of the preheated sample 

4. CONCLUSION 

Two samples of tungsten coating on graphite substrate were prepared with RF-ICP plasma torch TekSpray 15. 
The influence of the substrate preheating on the microstructure, porosity and hardness was evaluated. 

First tungsten coatings deposited by RF-ICP show promising quality. The coating was compact with relatively 
low porosity (3-4 %) and showed appropriate formation of splats. The oxidation was suppressed during the 
spraying, though low amount of oxygen (around 1 wt. %) was detected in the coating. Overall, the RF-ICP 
seems to be promising technology for production of parts made of tungsten and tungsten based alloys, such 
as plasma facing components. The first comparison of spraying on the preheated and non-preheated substrate 
shows differences in porosity of first sprayed layers, the hardness on the other hand did not show any 
significant difference. Other measurements (e.g. thermal conductivity) need to be performed and effect of other 
spraying parameters on the resulting coating will be evaluated. 
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Abstract 

The work presents the effects of the change of the laser cladding parameters on microstructure, chemical 
composition and mechanical properties of Inconel 686 overlays (coatings). To obtain the best quality of these 
coatings the various parameters of laser cladding such as the power density of the laser beam, the laser beam 
velocity and overlapping ratio of the weld tracks were applied. The substrates were boilers plate made of the 
13CrMo4-5 steel. Ni - base alloys characterize by the excellent high-temperature corrosion resistance, good 
strength and good ability to work in aggressive environments. This could be achieved by the reduction of the 
substrate melting and its dissolution into the overlays. The microstructure, chemical composition of the 
obtained overlays were investigated by means of a light microscope, a scanning electron microscope (SEM) 
equipped with the EDS detector. The overlays had cellular-dendritic structure. The variations of the chemical 
composition (especially Mo, Ni and W) in the interdendritic and dendritic regions were observed. The 
interdendritic regions were enriched during solidifications in Mo and W and had lower content of Ni. 

Keywords: Laser cladding, overlay, chemical composition, Inconel 686 

INTRODUCTION 

Laser-cladding is one of the most relevant new processes in the industry due to the particular properties of the 
produced parts. It is used in many branches of the industry, including aerospace, automobile, shipbuilding, oil 
and gas, transport, power engineering, etc. During laser cladding, the surface of the substrate is melted by 
laser irradiation and a melt pool is created. The powder is either injected into the melt pool with a nozzle using 
an inert carrier gas. A powder stream is formed once the powder particles exit the nozzle tip. The powder 
becomes molten and is captured by the melt pool, after which it mixes with the substrate material. Metallurgical 
bonding takes place between the coating material and substrate by the solidification of the melt pool. Shielding 
gas (such as argon, nitrogen, helium and mix of them) is used to protect the melt pool against oxidation. A 
clad track is produced on the substrate surface when the laser beam and powder stream are travelling together 
with respect to the substrate [1]. The main advantage of laser-cladding process is the possibility of obtaining 
high quality material deposition on complex parts [2]. However, one of the main technical problems is to prevent 
the occurrence of micropores and cracks, although it has been demonstrated that this technology has the 
potential to form pore-free and crack-free coatings [3]. In fact, micropores and microcracks are frequently 
observed in the deposited layers [4 - 6]. Especially in aggressive environments, one of the major problems in 
the deposited coatings is the presence of open pores, closed pores and microcracks in the overlays which can 
substantially reduce the overlay's mechanical and protective properties, such as the resistance of corrosion, 
microhardness and bonding strength [7]. The cladding quality is generally characterized by the profile of the 
clad coatings, thickness of the heat affected zone, thermal stresses, porosity, microcracks, etc. [8 - 9]. Process 
parameters, e.g., the power laser denisity of the laser beam, powder feed rate, nozzle scanning velocity and 
the spot diameter deemed the main factors that influence the cladding quality. Laser welding can be suggested 
as a coating technology for nickel alloys used to cover walls of power boilers and pipe superheaters in order 
to protect against high-temperature corrosion. Nickel superalloys are widely used in the power industry 
because of its high corrosion resistance. During the cladding process it is important to provide the lowest 
amount of the energy (heat) to the substrate in order to minimize the quantity of the iron into the overlay. Too 
high amount of Fe (above 10 % for automatic cladding process) in the coatings leads to decrease resistance 
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to high-temperature corrosion. Using laser beam technology it is possible to closely control the process 
parameters such as beam energy density, laser beam velocity, beam spot size, powder feed speed, etc. 
Properly selecting above mentioned parameters it is achievable to obtain overlay with specific properties and 
without welding defects. 

1. MATERIALS AND EXPERIMENTAL METHODS  

In this study, the Q-Switch Nd:YAG JK System 5000 laser beam was used with an off - axial powder feeding 
laser cladding system, which indicates that the Nd:YAG laser beam with the wavelength of the laser radiation 
λ = 1064 nm, metal powder and shielding gas (argon) were injected simultaneously from the two nozzles 
during the process. The metal powder Ni-Cr-Mo-W (Inconel 686) was deposited on cleared and degreased 
surfaces of the samples of 13CrMo4-5 steel (ISO EN 10028 - 2 - 2003). Their chemical compositions are listed 
in Table 1. Before laser cladding process the substrate surface (13CrMo4-5 steel) was polished using 600 
gradation sandpaper and clean by alcohol C2H5OH. To study the influence of the power density of the laser 
beam (q), in the investigation was conducted under various q = 4.4 - 7.8 kW, whilst the cladding velocity (4-5 
mm·s-1), different overlapping ratio of next clad tracks (20 - 50 %), the powder feed rate (8 g·min-1) and the 
laser spot diameter (500 μm) were constant for all specimens - A, B and C (Table 2).  

The substrate material is widely used in the power industry owing to its good properties of strength and 
plasticity, as well as good welding property compare to volume of price/ tone. The Inconel 686 metal powder 
used in the investigation is a kind of Ni-Cr-Mo-W alloy with the particle size between 70 - 100 μm (Figure 1). 
This powder is characterized by its high temperature properties, showing high strength, hardness, excellent 
corrosion and wear resistance at elevated and high temperatures. Detailed parameters of the cladding process 
are listed in Table 2. To obtain the proper thickness of the overlays (about 2 - 2.5 mm) which is require for 
overlap weld layers in power plant industry, four layers (one on another) were set. To determine the 
microstructure and the changes of elements distribution in the overlays, the light microscopy, the scanning 
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were applied. The examination of the 
overlays microstructure and chemical composition were performed with the FEI Inspect S50 and FEI Nova 
NanoSEM 450 scanning electron microscopies. Microhardness of overlays was measured on transversal 
microsections along paths perpendicular to the surface with a Vickers microhardness tester (Wolpert-Wilson 
TUKON 2500) with the load of 9.8 N applied for 10 s. 

Table 1 Chemical composition of the base material - steel Cr13Mo4-5 and the Inconel 686 powder 

Cr13Mo4-5 steel - Base material (BM) 
C Si Mn P S Cr Mo N Cu Fe 

0.08 - 0.18   0.35 0.4 - 1   0.025 0.01 0.7 - 1.15 0.4 - 0.6   0.012   0.3 Balance 

Inconel 686 - Powder 
Cr Mo Fe W Mn P S Ti C Ni 

19 - 23 15 - 17 <5 3 - 4.4 <0.75 <0.04 <0.02 0.02 - 0.25 0.01 Balance 

Table 2 Laser cladding parameters of three samples 

Sample/ 
Parameters 

Power density 

(kW·cm-2) 

Laser beam velocity - - V, 
(mm·s-1) 

Powder feed 
rate, (g·min-1) 

Overlapping ratio of next 
clad, (%) 

A   4.4 4 8 50 

B   7.8 5 8 20 

C   6.6 5 8 30 
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Figure 1 SEM image of the Inconel 686 powder and its EDS X - ray analysis 

Table 2 Quantitative EDS X - ray analysis of the Inconel 686 powder  

Element Weight % 

W - Mα 2.5 

Mo - Lα 12.0 

Cr- Kα 18.8 

Mn - Kα 1.9 

Fe - Kα 3.5 

Ni - Kα 61.1 

2. RESULTS AND DISCUSSION  

2.1. Optical Microscope investigation 

The overlays were subjected to observation by light microscope. Observations showed that in each sample a 
correct metallurgical connection of overlay to the substrate was obtained. Figure 2 presents the obtained 
overlays as a result of the various cladding parameters applying. Two zones were formed as a result of laser 
cladding of surface layers of the 13CrMo4-5 steel with the Ni-based alloy, namely: the Inconel 686 overlay and 
a heat-affected zone (HAZ) (Figure 2). 

 
Figure 2 Microstructure (LM) of the Inconel 686 overlay. a) sample A (q = 4.4 kW; V = 4 mm·s-1);  

b) sample B (q = 7.8 kW; V = 5 mm·s-1); c) sample C (q = 6.6 kW; V = 5 mm·s-1), HAZ - heat affected zone 
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The application of the lowest power density led to the formation of porosity between the weld tracks, inside the 
overlays and in the boundary of the base material and the heat affected zone (HAZ) (Figure 2A). On the other 
hands too low a laser beam energy density could lead to insufficient melting of the powder and a substrate. 
However, the increase of the beam energy density enabled the welds to be free of welding defects  
(Figures 2B, C). As the consequence of very fast cooling rate from the solidifying laser melt pool a very thin  
heat-affected zone (approximately 200 μm thick) was created. The thickness of the coatings to be applied was 
about 2 mm. 

2.2. Microstructure and chemical composition of the Inconel 686 overlay 

Scanning electron microscope observations have identified the typical nickel alloy overlay weld cellular - 
dendritic structure with increased content of alloy elements in interdendritic regions (Figures 3, 4). High cooling 
and solidification rate are typical for laser processing and in the consequence the "freezing" of the structure 
and the microsegregations form. Liquid metal in the laser pool flows outwards from the centre of the weld pool 
along the upper surface to the outside edge and returns below the surface. Therefore the movement of the 
liquid material (melted pool) resulted in characteristic "swings" (Figure 3). In these areas the chemical 
composition of the particular elements (Ni, Mo, W, and Fe) changed. Figure 3 presents SEM image of coating 
structure after laser cladding and EDS chemical composition of dendritic and interdendritic regions. In the 
interdendritic regions could notice a higher concentration of molybdenum and tungsten than in the dendrites 
cores. 

  
Figure 3 SEM micrograph showing the Inconel 686 coating and the marked area of the point EDS X 

 - ray analysis, 1 - the interdendritic regions, 2 - the dendrite core 

 
Figure 4 The EDS point analysis of the dendritic and interdendritic regions in the overlay 
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Table 4 Quantitative chemical analysis of the Inconel 686 overlay  

Element/ characteristic  

X-ray line analyzed  

Point - 1   Point - 2  

Weight % 

Cr-Kα  14.4  14.9  

Fe-Kα  4.3  5.8  

Mo-Lα  26.3  15.7  

Ni-Kα  41.5  53.9  

W-Mα  13.5  9.7  

In case of coatings which are used to protect steel against corrosion in aggressive environments very important 
is amount of Fe which is implement to the coatings during cladding process. Depending on the amount of 
supplied laser beam energy required to obtain proper metallurgical bonding between the overlay and the 
substrate modify the chemical composition of the overlay. The higher power density can lead to increased iron 
content. To high amount of iron in the surface layer has high influence on corrosion process and can accelerate 
degradation of coatings. The line EDS analysis showed that in two samples (A, B) amount of Fe was about 20 
% which is overmuch (Figure 5). In third sample (C) amount of Fe in the coating surface was 10 %, which is 
acceptable, however the application of the lower power beam and higher laser beam velocity during cladding 
process should obtain lower amount of iron in overlay. 

 
Figure 5 Distribution of nickel and iron in the Inconel 686 overlays: a) sample A (q = 4.4 kW; V = 4 mm·s-1);  

b) sample B (q = 7.8 kW; V = 5 mm·s-1); c) sample C (q = 6.6 kW; V = 5 mm·s-1) 
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2.3. Microhardness of the Inconel 686 overlays 

The microhardness of the substrate reached about 170 HV1. The highest value of hardness, of about 350 
HV1, was obtained at the overlays, which can be explained by the presence of a fine-crystalline structure and 
the presence of the martensite and higher concentration of Cr and W. The microhardness of the heat-affected 
zone reached about 375 HV1 and it decreased due to the absence of chromium and tungsten in its structure. 

CONCLUSIONS 

Two zones were generated in the processed laser cladding of surface layers of 13CrMo4-5 steel: the Inconel 
686 overlay and a heat-affected zone. The cladding of nickel alloy allowed to create a good metallurgical 
bonding with the base material. Each bonding was characterized by a narrow heat-affected zone (200 µm) 
and complete melting of the nickel alloy powder. Structural examinations of the overlays showed the presence 
of considerable grain size reduction and occurrence of the cellular-dendritic structure. In the interdendritic 
regions the content of molybdenum and tungsten increased while the nickel content decreased in comparison 
with the dendrite cores. The results of the study have confirmed that the main parameter of the cladding 
process is the power density of the laser beam. The supplied amount of the energy during melting of Inconel 
686 powder and the substrate has significant impact on the cooling rate of the melt pool, which has a principal 
role in shaping the macrostructure of the overlay. Too low energy density results in the formation of the multiple 
pores, however too much laser energy accelerates the entering of iron towards to the surface of the overlay, 
which can cause the reduce of the high corrosion resistance of the weld overlays. 
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Abstract  

Cold Gas Dynamic Spraying (CGDS) method was used in order to obtain very dense and good adhesive 
CoNiCrAlY-coatings deposited onto nickel-based alloy and subsequently remelted by electron beam (EB) up 
to depth of about 90 µm. The CGDS process- a relatively new coating technology is based on the high velocity 
impingement of small solid particles on the substrate. In this process, the particles are accelerated by 
supersonic gas jet at the heated gas temperature, which is usually lower than the melting point of the powder 
material. The objective of this work is to investigate the influence of the parameters used in electron beam 
remelting even the effect of double EB remelting on the microstructural changes and state of the coating. 
Changes of the coatings morphology and structure were analyzed by scanning electron microscopy (SEM) 
and X-ray diffraction technique (XRD). The experimental results demonstrated that there are advantages at 
using the pulsed EB surface modification technique. The double remelting process improved the coating 
properties in terms of porosity, strength and chemical homogeneity. 

Keywords: Cold gas dynamic spray, electron beam remelting, CoNiCrAlY coatings, bond coat 

1. INTRODUCTION  

Thermal barrier coatings (TBCs) are used to protect and insulate hot-section metal components in advanced 
gas turbines applications such as aircraft and power generation, and in diesel engines [1, 2]. Use of the TBCs 
can result in a temperature reduction of 100 to 300 °C at the metal surfaces, thereby improving the durability 
of the metal components and enhancing engine performance. The protection offered by the alloy bond coat 
(BC) against high-temperature oxidation relies on the ability of the alloy to produce and maintain a stable, 
continuous, slow-growing and adherent oxide scale on its surface. MCrAlY-coatings (M = Co, Ni or both) are 
used worldwide as bond coats in TBCs systems to reduce the thermal expansion mismatch between a top 
ceramic coat and base metal (such as Ni-alloy) and it gives extra oxidation resistance [3, 4]. Generally, for 
high-performance applications, MCrAlY coatings are produced by vacuum plasma spraying (VPS), provide 
good adherence to the metallic substrate and low porosity, but VPS is more expensive compared to other 
thermal spray processes. Thus, high-velocity oxygen fuel (HVOF) thermal spraying was attempted as an 
alternative to VPS to deposit MCrAlY coatings. However, oxidation of the powder particles during HVOF 
spraying is inevitable, due to the free-oxygen content in the combustion gas and the high temperatures 
required to melt the powder to ensure a certain homogeneity of the coating. Recently, cold gas dynamic 
spraying (CGDS) has emerged as a promising new coating process. In the CGDS process solid particles of 
size range characteristically between 10 and 50 um are accelerated in a supersonic inert gas flow (usually 
nitrogen or helium, although air can also be used) and directed towards the object at a velocity higher than the 
material dependent critical velocity, they plastically deform and adhere to the substrate or to the already 
deposited layer of material through what is believed to be primarily mechanical interlocking [6, 7]. Therefore, 
CGDS is a promising technique to deposit nanostructured MCrAlY coatings having a microstructure similar to 
that of the original feedstock particles for TBC applications. Several papers [8, 9] have been dedicated to 
systematic investigation of CGDS deposition of MCrAlY coatings. 
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Electron beam (EB) remelting process is one of the most efficient and reliable techniques for altering and 
further anchoring of the particle-deposited layers. EB remelting treatment is of great significance in developing 
the protective capability of MCrAlY coatings and allows improving requirements of long service life at high 
temperature for the coatings [10]. The purpose of the present study is to investigate the dependence of the 
parameters used in electron beam remelting on the microstructural changes in order to optimize an EB 
remelting process of CoNiCrAlY coatings.  

2. EXPERIMENTAL 

Five specimens used for the experimental investigations, consisting of Ni-based alloy Inconel 718 plates as 
substrate (20 mm x 10 mm x 4 mm) and a 70 - 75 um thick CoNiCrAlY coating, were manufactured by cold 
gas dynamic spraying technique. The chemical composition of CoNiCrAlY powder and substrate composition 
are shown in Table 1 and Table 2.  

Table 1 Chemical composition of CoNiCrAlY powder 

 

 

Table 2 Chemical composition of substrate material (Inconel 718) 

 

 

Electron beam surface treatment was carried out using K26 15-150 machine. Maximum beam input power 
was 15 kW at 150 kV and 100 mA. The electron beam was oscillated with amplitude of 7 mm on the specimen 
surface. The experiments were performed at five EB remelting conditions. Two of the five samples were 
subjected to a little different EB treatment - to double EB remelting. The detailed EB remelting conditions are 
shown in Table 3 and Table 4. The CoNiCrAlY coatings have been subjected before and after electron beam 
remelting to morphology analysis using scanning electron microscopy (SEM, Carl Zeiss Ultra Plus). 

Table 3 EB remelting conditions 

 

 

 

 

Table 4 Double EB remelting conditions 

 

 

Element Co Ni Cr Al Y C O 

wt. % 36.91 34.38 19.35 6.16 1.47 0.98 0.74 

Element Ni Fe Cr Nb C Mo Ti Al O 

wt. % 49.85 19.69 17.81 4.6 3.03 2.65 1.00 0.73 0.64 

Sample 
EB current 

(mA) 
Processing 

speed (mm·s-1) 

A 4.6 15 

B 3.7 15 

C 3 15 

Sample 
EB current I. 

(mA) 
EB current II. 

(mA) 
Processing 

speed (mm·s-1) 

D 3 3 15 

E 3 2.7 15 
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3. RESULTS AND DISCUSSION 

The morphology of the as-received CoNiCrAlY powder is shown in Figure 1. As can be seen from this figure, 
the powder has spherical morphology and the size of the particles falls within the specified range of 5 -20 µm. 

 

Figure 1 SEM image of CoNiCrAlY powder 

Cross section of as-sprayed coating deposited onto Inconel 718 by CGDS technique is shown in Figure 2a. 
The coating presents the structure with minimal porosity (0.7 ± 0.5%) [10], note the absence of cracks and 
clean interface with the substrate free of oxidation.   

3.1. EB remelting  

Figures 2b - 3 shows SEM analysis of the cross section microstructure of CoNicrAlY coatings after electron 
beam treatment according to EB remelting conditions in Table 3 up to depth of about 85 - 90 µm.  

                
Figure 2 Microstructure of CoNicrAlY coatings a) before b) after EB remelting (sample “A”) 

             

Figure 3 Microstructure of EB remelting CoNiCrAlY coatings a) sample “B” b) sample “C” 
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Figure 2b presents microstructure of CoNicrAlY coating after EB treatment (4.6 mA and 15 mm·s-1). The depth 
of remelting layer was about 223 µm, which was full remelting. The structure of remelting layer is characterized 
by long dendrites and absence of material in interdendritical space, which is not very goog for TBC treatment. 
Comparison between two differently treated coatings (Figures 3a, b) were the processing speed was the same 
(15 mm·s-1), but the EB current has been varied (in Figure 3a - 3.7 mA and in Figure 3b - 3 mA) is shown. In 
Figure 3a the depth of remelting layer was about 125 µm and also full remelting with large pores. The similar 
situation occurred in Figure 3b. Although, the depth of remelting layer was decreased from 125 µm to 83 µm, 
but large pores and some defects were still observed.  

3.2. Double EB remelting  

As mentioned above, we tried to optimize EB remelting conditions on the CoNiCrAlY coating deposited by 
CGDS technique, but the results were not very optimal for our purposes. Either very deep remelting layer or 
some disorders such large pores and cracks were observed in the remelted layer. Based on these observations 
we tried to use double electron beam remelting treatment. Figure 4a, b shows SEM images of CoNiCrAlY 
coatings after double EB remelting at various electron beam conditions (Table 4). The processing speed was 
the same (15 mm·s-1) but the EB current has been varied.  

  

Figure 4 Microstructure of double EB remelting CoNiCrAlY coatings a) sample “D” b) sample “E” 

Figure 4a shows the microstructure after double EB remelting, the current of first and second remelting was 
the same (3 mA). The depth of remelting layer was about 95 µm, which is not very deep but we still observed 
large pores in remelting layer. After decreasing the beam current for second EB remelting from 3 mA to 2.7 
mA, the depth of remelting layer decreased from 95 µm to 86 µm and the count of pores were reduced 
significantly and the structures are refined.   

4. CONCLUSION 

Electron beam treatment of ConicrAlY thermal spray coating has been carried out to study the influence of the 
remelting parameters on the morphology of the structure. The results show that the coating deposited by 
CGDS technique being EB remelted into depth more than 100 µm resulted in formation of large pores, some 
defects and complete mixing of substrate with coating. Similar situation was observed in the case of decreasing 
of remelting layer down to depth of 85 µm, although the remelting layer was adequate, we still observed the 
large pores in remelting layer. The double EB treatment produced positive changes in the bond coat layer, 
provided a smooth surface, low porosity level mainly on the interface between bond coat and substrate 
comparing to bond coat surface without this modification. In generally the electron beam treatment provides a 
good route for improving the surface of the coatings and produced positive changes in the bond coat layer as 
a necessary step for the thermal barrier coating fabrication. 
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Abstract  

Increasing demands for reducing the surface roughness of components impose high requirements for finishing 
operations. As a result, it creates a space for the application of new progressive methods for the surface 
finishing of components. The experimental activity referred to in this paper aims at comparing the conventional 
method of surface finishing (surface grinding followed by polishing) and a progressive finishing operation - 
forming with a diamond tip. The experiment was designed for the Wotan RJN 44 grinder and the Wagner WDR 
1000 lathe. As the material to be machined, was chosen X17CrNi16-2. Forming with a diamond tip was made 
using a tool from Baublies, DDW type. The aim of this experiment was to compare the two finishing operations 
with the criterion for evaluating surface roughness Ra = 0.2 µm. 

Keywords: Diamond tool polishing, grinding, finishing holes 

1. INTRODUCTION  

Increasing service life of pressure parts, particularly hydraulic cylinders, valves and fittings, imposes increased 
requirements on service life of sealing elements. Replacement of these sealing elements results in high costs 
of the machine repair and shut-down. In the case of underwater extraction, for instance, the costs of such 
repairs are considerable. To prevent abrasive wear of sealing elements, the modern trend of designing 
complex parts aims to achieve the highest possible quality of sealed surfaces (surface roughness, in 
particular). With regard to the design features of newly manufactured sealing elements, increased stress is no 
longer laid on geometric accuracy of contact surfaces. Dimensionally, the new sealing elements are able to 
adapt to geometric inaccuracies of manufacture. The design parameters specified by the manufacturers of 
sealing elements enable production on common CNC machine tools. The only required parameter which 
cannot be achieved on common CNC machine tools is surface roughness. Consequently, new finishing 
operations are necessary to enable the roughness of Ra = 0.2 µm to be achieved on the common CNC 
machine tools. One of the possible variants consists in application of forming with a diamond tool. This 
experiment aimed to compare the conventional method of finishing the internal surface (by grinding and 
polishing) with the new technology applicable on the CNC lathe (diamond tool forming). In particular, the main 
parameters to compare included surface roughness, manufacturing and inter-operation times. [1, 2, 3] 

2. EXPERIMENT DESCRIPTION 

This experiment aimed to suggest a finishing machining method enabling the minimum surface roughness of 
Ra = 0.2 µm to be achieved with a hole of the diameter of (ø220 ±0.1) mm, length of 255 mm, with the shortest 
possible manufacturing and operation times. The finished hole had been pre-treated on the universal centre 
lath WDR-1000x4000. After boring of the hole, the roughness of Ra = 1.5 µm was achieved. Detailed 
technological conditions of boring are indicated in Table 1. Figure 1 shows a drawing of the manufactured 
part. [1, 2, 4] 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1339 

Table 1 Hole boring - technological conditions 

Cutting speed v 115 m·min-1 

Feed f 0.15 mm 

Cutting depth ap 0.5 mm 

Achieved surface roughness Ra 1.5 µm 

 
Figure 1 Manufactured part drawing 

2.1. Grinding with subsequent gradual repolishing 

The first sample experiment was conducted on a hole grinding machine of the RJN 44 type, manufactured by 
Wotan. Detailed parameters of the machine are indicated in Table 3. According to the previous experiments, 
3 finishing operations have been selected as the most suitable conditions. Firstly, grinding was executed with 
a technological allowance of 0.02 mm per wall; subsequently, repolishing was done with a wheel from woven 
grinding fleece. Then the final polishing was executed by means of a felt wheel. With regard to the surface 
roughness criterion, the best manufacturing times were achieved at maintaining invariable cutting conditions 
for the individual operations. The detailed technological conditions are indicated in Table 2. [5, 6, 7, 8] 
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Table 2 Description of the grinding operation with subsequent final polishing 

Operation Tool Cutting conditions 

A - Grinding 
Corundum wheel with one-side 
recess 
D150 x 63 x d51 1A/d80x38 Tool cutting speed: vc = 30 m∙s−1  

Feed speed: vf = 15 m∙min−1  
Process medium: AQUAL3010, 10% 
emulsion. 

B - First polishing stage SCOTCH BRITE D150 / d25 x 50mm  
wheel quality Grade 9S - 3M 

C - Second polishing stage Felt wheel D150 / d25.4 x 40mm 
K3V-0.65 

Table 3 Technical parameters of machine RJN 44 - Wotan 

Machine type RJN 44 - Wotan 

Manufacturer Wotan - NSR 

Range of diameters of ground holes 200 - 300 mm 

Accuracy grade /Worked surface quality IT 6 / 0.8 

Grinding spindle speed 12000 min−1 

Working spindle speed 120 - 1000 min−1 

2.2. Forming with diamond tool 

Essentially, forming with a diamond tool consists in the force action of a diamond ball on the workpiece surface. 
The pressure exerted by the tool action on the workpiece surface causes plastic deformations which induce 
volume and geometric change of the workpiece surface. During the forming process, microscopic unevenness 
is simultaneously planed; further, metallurgical surface structure is changed. Further, the forming operations 
are also supplemented with the phenomenon of the surface consolidation, which depends on the material and 
its crystalline structure. These changes in the workpiece surface result in reduced notch toughness, ductility, 
increased strength and hardness. Disadvantageously, this method necessitates high quality of the surface 
created by the previous chip machining. The quality of this pre-operation has a crucial effect on geometric 
accuracy of the final product. [1, 6, 9, 10, 11] 

 

Figure 2 Diagram of diamond tool forming; 1 - forming tool, 2 - workpiece 
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Table 4 Description of the operation of polishing with a diamond tool 

Operation Tool Cutting conditions 

Diamond point forming - 1st  
pass 

Baublies type DDW-I-IK 88-397-00  ∅d 65 
x 270 mm 
 

Tool cutting speed: vc = 120 m∙min−1 
Feed: f = 0.05 mm 
Impression depth: 0.3 mm 
Spring force: 50 - 120 N 
Process medium: AQUAL3010, 10 % 
emulsion. 

Diamond point forming - 2nd 
pass 

Baublies type DDW-I-IK 88-397-00 ∅d 65 
x 270 mm 

Tool cutting speed: vc = 120 m∙min−1 
Feed: f = 0.05 mm 
Impression depth: 0.3 mm 
Spring force: 50 - 120 N 
Process medium: AQUAL3010, 10 % 
emulsion. 

3. MEASURING RESULTS 

During the experiment, both of the selected methods proved to be suitable for finishing of holes with the 
roughness criterion of Ra = 0.2 µm. The grinding operation had to be divided into 3 separate stages so that 
the required surface roughness could be achieved. This division increased manufacturing and handling times. 
The total time of grinding and subsequent repolishing was calculated as 198 min / piece. Detailed description 
of the manufacturing and inter-operation times is indicated in Table 5.  

Table 5 Experiment results - grinding with subsequent surface repolishing 

Operation Surface roughness achieved Manufacturing time 

A - Grinding Ra = 0.6 µm 80 min 

B - First polishing stage Ra = 0.3 µm 
90 min 

C - Second polishing stage Ra = 0.2 µm 

Handling times 28 min 

Total product time  198 min / piece 

Similarly to the previous turning operation, the forming with the diamond point was executed on the universal 
centre lathe WDR - 1000 x 4000. This resulted in substantial decrease in handling times for clamping and 
adjustment of the workpiece. After the first pass of the diamond tool, the required surface roughness criterion 
was already achieved. The experiment also included a test whether the second pass of the tool enables even 
a lower roughness degree to be achieved. This roughness reduction, however, did not occur. The second pass 
of the tool did not result in a change in the surface roughness. The probable cause was that plastic deformation 
of the material had been exhausted by the first pass. Therefore, to achieve the required accuracy, it is possible 
to take one pass into account only; that is, the total time of 21.5 min / piece. Table 6 contains a detailed 
schedule of the times. 

Table 6 Experiment results - forming with a diamond point 

Operation Surface roughness achieved Manufacturing time 

Diamond point forming - 1st pass Ra = 0.18 µm 17.5 min 

Diamond point forming - 2nd pass Ra = 0.18 µm 17.5 min 

Handling times 4 min 

Total product time 21.5 min / piece 
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4. CONCLUSION 

The experiment enabled a suitable finishing operation to be found, verified and compared - the technology of 
forming with a diamond tool, which achieves a higher productivity than conventional grinding. It was this that 
the experiment aimed at. It was possible to reduce the total manufacturing time by up to 89 %; at the same 
time, the required surface roughness criterion of Ra = 0.2 µm was achieved. The diamond tool forming can be 
applied as the finishing operation wherever stress is laid on minimum surface roughness without simultaneous 
demand on high geometric accuracy. The geometric accuracy of the formed surface is given by the previous 
surface treatment. To achieve a quality surface, the pre-treatment of the surface is crucial before forming with 
a diamond tool. During machining, it is necessary to attend to uniform processing without any defects, 
scratches and build-up marks as well as geometric inaccuracies of the surface caused, for instance, by 
vibrations of the tool. Further, this finishing operation can only be executed on surfaces treated by turning.  
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Abstract 

The purpose of this paper is to analyze mechanical properties of steel long weld structures. The main role of 
welding conditions in connected with materials, alloy elements in steel and filer materials, welding technology, 
state of stress and temperature. First time are presented properties of steel long weld structures after welding 
with micro-jet cooling. Because of that very important is good selection of steel, welding and micro-jet cooling 
parameters for proper steel structure. In this study metallographic structure and impact toughness welded 
joints has been analyzed in terms of welding parameters after laser and MAG welding. 

Keywords: Metallurgy, welding, impact toughness, micro-jet 

1. INTRODUCTION 

Safety and durability frameworks largely depends first of all on impact toughness and fatigue strength [1-3]. 
There are still tested new techniques and materials used for steel weld long structures [4-7]. Welded steel 
frame is still one of the most frequently encountered structures carrying trucks vehicle [12-15]. Properties of 
steel welded structures depend on many factors such as welding technology, filler materials, state of stress, 
chemical composition. Some alloy elements, especially nickel (in range 1 - 3 %) or molybdenum (in range 0.2 
- 0.6 %), oxygen could be treated as elements which very positively influencing impact toughness. 
Metallographic structure of weld metal deposit having composition of 400 ppm O and 2 % Ni or 0.4 % Mo could 
be treated as optimal, because it corresponds with high percentage of acicular ferrite AF (until 55 %) [3-4]. 
That composition corresponds with small size of nonmetallic inclusions in weld metal deposit influencing 
formation of acicular ferrite in it (Figure 1). 

 

Figure 1 Fracture surface of metal weld deposit with 0.3 % Mo (small size of inclusions) [1] 
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Mentioned composition of weld could be also treated as a very beneficial because of low percentage of MAC 
phases (self-tempered martensite, retained austenite, carbide) negatively influence on impact toughness of 
weld. For a long time researchers tried to lift percentage of AF in weld above 55 %, unfortunately without great 
success. There was seriously studied great role of non-metallic inclusions during austenitic conversion, 
nevertheless it was impossible to exceed value of 55 % of AF in WMD. New micro-jet cooling technology [1-
5] could be regarded as a new way to solve that problem. This paper describes the influence of artificially lifted 
amount of acicular ferrite in WMD (even above 65 %) with using micro-jet cooling. Process was tested with 
varied parameters of micro-jet cooling after laser welding and MAG welding process [8-12]. Comparison of 
those processes (laser and MAG) and micro-jet cooling was not described yet. 

2. EXPERIMENTAL PROCEDURE 

The weld metal deposit (WMD) was prepared by laser welding and MAG process with micro-jet cooling with 
varied tested gases (argon, helium, nitrogen). To obtain high amount of acicular ferrite in weld the micro-jet 
injector was installed just after welding head and welding laser head. Main parameters of micro-jet cooling 
were slightly varied:  

 cooling steam diameter was twice varied (50 µm and 60 µm), 
 gas pressure was also twice varied (0.5 MPa and 0.6 MPa), 
 micro-jet gases were changed (Ar and  He). 

The basic material to research was S355J2G3 steel (typical material for truck frames and car body). Various 
welds of standard laser welding were compared with and without innovative micro-jet cooling technology. A 
typical weld metal deposit had rather similar chemical composition in all tested cases (Table 1). The main data 
about parameters of laser welding were shown in Table 1, and data about MAG process were shown in 
Table 2. 

Table 1 Parameters of welding process  

Parameter value 

Laser power 2,2, 2.2 kW 

 Welding speed  1.2 m·min-1 

 Diameter of beam spot  200 µm 

 Focal distance  200 mm 

M-j gases Ar, He 

M-j gas presure  0.5 or 0.6 MPa   

M-j diameter  50 or 60 µm 

Table 2 Parameters of welding MAG process 

No. Parameter Value 

1. Standard current 220 A 

2. Voltage 24 V 

3. Shielding welding gas Ar 

4. M-j gas pressure  0.5 or 0.6 MPa 

5. Micro-jet gases He, Ar 

6. Micro-stream diameter 40 and 50 µm 
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There were mainly tested and compared weld deposits of standard laser welding connected with micro-jet 
cooling using various micro-jet gases. A typical weld metal deposit had rather similar chemical composition in 
all tested cases except nitrogen amount (Table 3). Micro-jet cooling parameters were similar in both cases. 
Chemical composition of WMD was also very similar after laser and MAG welding process, Table 3. 

Table 3 Chemical composition of WMD after welding 

Element Amount 

C 0.07 % - 0.08 % 

MN 0.7 % - 0.8 % 

Si 0.4 % - 0.5 % 

P 0.012 % - 0.015 % 

S 0.013 % - 0.015 % 

O 370 ppm - 400 ppm   

N 50 ppm - 55 ppm  

Various micro-jet parameters had some influence on intensively cooling conditions but did not have greater 
influence on chemical WMD composition. Metallographic structure of WMD was carried out. Especially acicular 
ferrite (AF) in terms of nitrogen amount in WMD was precisely analyzed. In all tested cases there were 
additionally also observed MAC phases (self-tempered martensite, retained austenite, carbide). Examples of 
the metallographic structure results after laser and MAG welding are shown in Table 4 and 5 respectively. 

Table 4 Acicular ferrite and MAC phases in WMD after laser welding with various micro-jet parameters 

Micro-jet gas Micro-jet gas 
pressure (MPa) 

Steam diameter of micro-
jet gas (µm) Acicular ferrite (%) MAC phases (%) 

- - - 52 3 

Ar 0.5 50 68 2 

Ar 0.5 60 69 2 

Ar 0.6 50 71 2 

Ar 0.6 60 67 2 

He 0.5 50 60 2 

He 0.5 60 62 2 

He 0.6 50 65 2 

He 0.6 60 58 2 

Analyzing Table 4 it is easy to deduce that laser welding with micro-jet cooling could be treated as a very good 
option. Analyzing Table 4 it is easy to deduce that MAG welding with micro-jet cooling could be treated as a 
worst option in comparison with laser welding. In both processes micro-jet cooling could be treated as 
beneficial choice. Only argon should be used for micro-jet cooling after laser or MAG welding. Micro-jet cooling 
by helium is more intensive and that fact does not translate into acicular ferrite nucleation. MAC amount in all 
tested cases was rather on the same level. Acicular ferrite with percentage above 60 % was gettable for laser 
welding with micro-jet cooling by argon or helium. Acicular ferrite with percentage above 60 % was gettable 
for MAG welding only with micro-jet cooling by argon (shown in Figure 2). 
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Table 5 Acicular ferrite and MAC phases in WMD after MAG welding with various micro-jet parameters 

Micro-jet gas Micro-jet gas 
pressure (MPa) 

steam diameter of micro-
jet gas (µm) Acicular ferrite (%) MAC Phases (%) 

- - - 45 3 

Ar 0.5 50 61 2 

Ar 0.5 60 63 2 

Ar 0.6 50 59 2 

Ar 0.6 60 57 2 

He 0.5 50 51 2 

He 0.5 60 53 2 

He 0.6 50 55 3 

He 0.6 60 52 3 
 

 
Figure 2 Acicular ferrite above 60 % in various deposits (of laser welding with micro-jet cooling on the left,  

of MAG welding on the right) 

The next part of the research was concentrated on impact toughness tests, which are presented on  
Tables 6, 7. 

Table 6 Impact toughness for laser welding with varied micro-jet gases 

Micro-jet gas Temp. (°C) Impact toughness KV (J) 

without cooling - 40 below 47 

Ar - 40 62 

He - 40 51 

without cooling +20 175 

Ar +20 197 

He +20 191 
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Table 7 Impact toughness MAG welding with varied micro-jet gases 

Micro-jet gas Temp. (°C) Impact toughness KV (J) 

without cooling - 40 below 47 

Ar - 40 53 

He - 40 below 47 

without cooling +20 171 

Ar +20 188 

He +20 183 

It is possible to deduce that impact toughness at negative temperature of weld metal deposit is apparently 
affected by the kind of micro-jet gases in cooling injector. Only argon could be regarded as a good choice for 
both processes: laser and MAG welding. The last part of the research was concentrated on deflection tests of 
long structures (16 m of length). Results are shown on Table 8, 9. 

Table 8 Deflection of (16 m) long structure after laser welding with micro-jet cooling 

Micro-jet gas Deflection (mm) 

without cooling 70 

Ar 22 

He 34 

Table 9 Deflection of (16 m) long structure after MAG welding with micro-jet cooling 

Micro-jet gas Deflection (mm) 

without cooling 75 

Ar 29 

He 42 

It is possible to deduce that deflection of structure is apparently affected by the kind of micro-jet gases in 
cooling injector. Also in that case it is observed that only argon could be regarded as a good choice for both 
processes: laser and MAG welding.  

3. CONCLUSION 

Summing up the paper it has been concluded, that especially important is a good selection of welding process 
for long steel structure. Connection of those processes such as laser welding and MAG welding connected 
with micro-jet cooling was tested with success. 

It was observed, that especially argon as micro-jet cooling gas should be connected with laser and MAG welding. 
It is possible to get much higher amount of acicular ferrite and better impact toughness of welds. The preliminary 
results shows validity of theoretical assumptions and it will be possible to apply this technology in industry. 

On the basis of investigation it is possible to deduce that: 

 micro-jet-cooling could be treated as an important element of laser welding and MAG process, 
 micro-jet-cooling after welding can prove amount of acicular ferrite, the most beneficial phase in low 

alloy steel weld metal deposit, 
 high amount of acicular ferrite can guarantee respectively good impact toughness properties, 
 high amount of acicular ferrite can guarantee smaller deflection in long structures. 
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Abstract   

One of the greatest problems of modern production techniques is the achievement of an appropriate quality at 
minimal costs and accompanied by the production efficiency increase. Therefore while designing the 
production process, the technology used should have a considerable influence on the durability and reliability 
of machine parts to be produced. During finish treatment the final dimensions as well as functional properties 
are imparted to a given element by application of proper treatment type. The engineer has a range of 
production techniques to choose for the proper surface layer formation. It is crucial to find a suitable solution 
which will meet the requirements as well as the work conditions of a given machine part. 

The article presents the research results referring to the analysis of the influence of cutting parameters on 
surface roughness parameter of marine pump shaft. The turning process was carried out on a universal 
CDS6250BX-1000 centre lathe. The research was performed on a shaft made of X5CrNi18-10 (AISI 304L) 
stainless steel. During lathing process used DKM 2010 turning dynamometer. The finishing turning process 
was carried out by cutting tool with CCET09T302R-MF removable insert by DIJET. During turning the following 
machining parameters were used: cutting speed Vc = 226 m·min-1, feed f = 0.044; 0.062; 0.083; 0.106 mm·rev-

1 and cutting depth ap = 0.25; 0.5; 0.75; 1.0 mm. The goal of the paper was to define the influence of treatment 
conditions on surface roughness parameter. The surface roughness parameter was measured by T8000 
profilometer and the chemical composition of steel was measured by Solaris-ccd plus optical spectrometer. 

Keywords: Finishing turning, surface roughness parameter, stainless steel, marine pump shaft 

1. INTRODUCTION     

Vessels and warships are equipped with main propulsion engines, generating sets and auxiliary machinery 
which are used in the engine room as well as on deck. Sea water pumps belong to a group of centrifugal 
angular momentum pumps. Centrifugal angular momentum pumps are utilized in the cooling system of high 
and medium speed engines, for supplying boilers, in bilge systems, ballast systems and in firefighting 
installations. During their service the wear of pump body, rotor, sealing and shaft takes place. The research 
work made an effort to improve the shafts service durability and was based on carrying out tests for contact 
fatigue, friction wear and electrochemical corrosion. Due to hard service conditions marine pumps working in 
sea water environment are made of corrosion resistant materials. In spite of the fact that pump shafts are 
made of an expensive material, it is not possible to avoid service damage. This damage includes cracking, 
plastic deformation, excessive wear of pins in places of mounting rotor discs and sealing chokes, corrosive 
wear, friction wear, erosive wear and splineways knock outs. During service experience the most common 
problem that is observed is excessive wear of pins causing their diameter decrease as well as exceeding the 
permissible shape deviations in place of chokes mounting. 

One of the most important stages of forecasting tasks for improving the quality of use of machinery and 
equipment is the development of methods to control their durable - reliable characteristics. The object must 
properly fulfill its tasks under certain conditions and time [1]. Research shows that nearly 80 % of the damage 
of machine parts has its beginning in the surface layer, and 50 % of the kinetic energy is lost to overcome the 
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frictional resistance [2]. The manufacturing process of machine parts is related to formation of the technological 
surface layer. 

Ensure appropriate design, materials and manufacturing technologies should provide the desired initial state 
of the workpiece [3, 4]. The most common and universal way to remove layers of abraded material is the 
cutting process. 

For the basic method of the surface layer forming of shaft pins is known lathing. Conventional machining 
accuracy is usually considered as a function of the characteristics of all the components of machine tool, 
fixture, object and tool. There are: accuracy performance, and the accuracy of static and dynamic determining 
and cutting parameters, which are associated with strength, temperature and wear of the cutting edge. 
Therefore, stock removal of high efficiency should be performed in a controlled manner which ensures the 
correct shape and size of the chip. 

Many scientific centres, including the Gdynia Maritime University, deal with issues related to the turning surface 
of the difficult-to-machine [5 ÷ 14]. The research aims to determine a set of input factors, fixed and distorting 
for the finish lathing of pins shafts made of stainless steel, had an impact on geometrical structure of the 
surface, as well as on the values of forces and cutting temperature. Machining stainless steels, especially 
austenitic steel, causes a lot of difficulties. On the machinability of austenitic steel has a negative impact high 
propensity to the deformation strengthening, low thermal conductivity and good ductility. Alloying element 
improves the machinability of stainless steels is sulphur. Sulphur in combination with manganese forms MnS 
manganese sulphide, which positive influence on machinability is confirmed by the type of chips (short and 
brittle), smoother surfaces of workpieces and less tool wear. 

The article presents the preliminary results of influence of treatment conditions during turning of shafts on the 
surface roughness parameter. 

2. RESEARCH METHODOLOGY 

The research was performed on a shaft made of X5CrNi18-10 (AISI 304L) stainless steel (Figure 1c). The 
process of turning was carried out on a lathe CDS6250BX-1000 type (Figure 1a) by a cutting tool with 
removable insert CCET09T302R-MF type by DIJET. The cutting parameters used in the finish lathing process 
are presented in Table 1: cutting speed, feed and depth of cut. During cutting process DKM2010 turning 
dynamometer was used. DKM 2010 is a 5-components tool dynamometer for use on conventional or CNC 
lathe machines. It measures force on the cutting tool up to 2000 N with a resolution of 0.1 % and as option 
also temperature on the tool tip between 300 and 800 °C. DKM 2010 is equipped with adjustable inserts - 
holder to change entering angle ϰr into 45, 60, 70, 90°. The complete equipment of dynamometer is presented 
in Figure 1b.  

Figure 1 a) CDS 6250 BX-1000 lathe b) turning dynamometer c) sample used in the research 

a) 

 

b) 

 

c) 
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Table 1 Technological parameters of the cutting process 

Shaft pins 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Cutting speed Vc = 226 m·min-1 

Depth of cut 
(mm) 0.
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Analysis of the chemical composition of the sample material was carried out on a Solaris-ccd plus spectrometer 
(Figure 2 a). It is an optical emission spectrometer with spark excitation by GNR. It performs the analysis of 
solid samples and metal alloys of different matrices. A percentage content of selected elements in steel was 
presented for sample after four spark test (Figure 2 b). The view of the shaft surface after the turning process 
was made on the Smartzoom 5 microscope (Figure 2 c). 

a)  

 

b) 

 

c) 

  

Figure 2 a) Solaris-ccd plus optical spectrometer b) the sample used for testing the chemical composition of 
the steel c) Smartzoom 5 microscope 

3. RESEARCH RESULTS 

The results of the chemical composition of steel X5CrNi18-10 are presents in Table 2. 

Table 2 The results of the chemical composition of steel [%] 

 C Si Mn P S Cr Mo Ni Nb 

mean 0.037 0.457 1.638 0.028 0.030 18.261 0.473 7.760 0.008 

max 0.057 0.478 1.659 0.030 0.033 18.332 0.482 7.847 0.010 

min 0.025 0.440 1.612 0.026 0.028 18.164 0.465 7.628 0.006 

 Al Cu Co B Ti V W Fe 

mean 0.003 0.483 0.125 0.002 0.026 0.057 0.021 70.594 

max 0.004 0.490 0.127 0.002 0.027 0.058 0.021 70.731 

min 0.002 0.471 0.124 0.001 0.023 0.057 0.020 70.482 
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During the research conducted turning of the shaft with a constant cutting speed Vc = 226 m·min-1. The results 
of statistic analysis of surface roughness parameter were presented in Table 3. The lowest mean value of 
roughness parameter (Ra = 0.80 µm) after turning process was obtained on the shaft pin using cutting 
parameters: ap = 0.5 mm and f = 0.062 mm·rev-1. The biggest mean value of roughness parameter  
(Ra = 6.38 µm) was obtained for cutting parameter: ap = 1 mm and f = 0.062 mm·rev-1. The most preferred 
treatment conditions for the obtained value of the parameter Ra obtained for depth of cut: ap = 0.25, 0.5, 0.75 
and 1.0 mm and value of feed equal 0.044 mm·rev-1. Value of the parameter Ra at the same level obtained 
for the depth of cut ap = 0.25 ÷ 0.75 mm and feed equal 0.062 mm·rev-1.     

Table 3 The results of statistical analysis of surface roughness parameter Ra  

No of 
shaft 
pins 

Cutting parameters Ra parameter (µm) 

ap 
(mm) 

F 
(mm·rev-1) Mean Minimum Maximum Stand. dev. Stand. error 

1 0.25 0.044 0.82 0.77 0.92 0.06 0.03 

2 0.25 0.062 0.97 0.82 1.16 0.15 0.07 

3 0.25 0.083 2.09 1.90 2.41 0.20 0.09 

4 0.25 0.106 1.91 1.85 1.97 0.05 0.02 

5 0.50 0.044 0.88 0.84 0.93 0.04 0.02 

6 0.50 0.062 0.80 0.74 0.84 0.04 0.02 

7 0.50 0.083 2.20 1.63 3.05 0.57 0.25 

8 0.50 0.106 3.75 3.07 4.28 0.44 0.20 

9 0.75 0.044 0.85 0.80 0.90 0.04 0.02 

10 0.75 0.062 0.89 0.81 0.96 0.07 0.03 

11 0.75 0.083 1.30 1.24 1.37 0.07 0.03 

12 0.75 0.106 2.35 1.98 2.92 0.39 0.18 

13 1.00 0.044 0.94 0.80 1.08 0.13 0.06 

14 1.00 0.062 6.38 3.89 10.03 2.32 1.04 

15 1.00 0.083 4.77 3.19 7.24 1.61 0.72 

16 1.00 0.106 3.00 2.96 3.12 0.07 0.03 

 
Figure 3 The influence of cutting parameters on surface roughness parameter Ra (µm) 
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The application of different cutting parameters for the turning process has a significant influence on the mean 
values of the surface roughness parameter of shaft surface. The influence of change of cutting parameters on 
surface roughness parameter Ra is presented in Figure 3.  

The best operating range of the cutting insert can be observed for a feed f = 0.044 mm·rev-1 for all range cutting 
depth and for a feed f = 0.062 mm·rev-1 in the cutting depth range between 0.25 to 0.75 mm. Despite obtaining 
approximate values Ra parameter on the surface of the shaft pins were observed significant tool marks after 
turning process. Figure 4 presents the examples of shaft surface profile analysis for different depth of cut and 
feed equal 0.062 mm·rev-1. The apex distribution of individual surface profiles differs from one another, which 
demonstrates the varied quality of the surface treated. Figure 5 shows the surface view for the same shaft 
pins for which was observed surface profile. This figure shows a surface view of the shaft pins after turning 
with a feed 0.062 mm·rev-1 and a cutting depth between 0.25 to 1.00 mm. While Figure 6 shows a view of the 
surface of shaft pins after turning process with a feed equal 0.044 mm·rev-1. On the surface of the shaft pins 
we can observe furrows and even the spalling of material of surface layer. 

a) 

 

b) 

 
c) 

 

d) 

 
Figure 4 The examples of shaft surface profile analysis for depth of cut: a) ap = 0.25 mm b) ap = 0.5 mm 

c) ap = 0.75 mm d) ap = 1.0 mm 

a) b) c) d) 

Figure 5 The shaft surface after turning process for depth of cut: a) ap = 0.25 mm b) ap = 0.5 mm 
c) ap = 0.75 mm d) ap = 1.0 mm 

a) b) c) d) 

Figure 6 The shaft surface after turning process for feed = 0.044 mm·rev-1 and depth of cut: a) ap = 0.25 mm 
b) ap = 0.5 mm c) ap = 0.75 mm d) ap = 1.0 mm 
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4. CONCLUSION 

The article is one of a series of publications relating to define a set of input factors, fixed and disruptive on the 
process of finishing turning shaft pins made of stainless steel. Machining of stainless steels is classified as a 
difficult-to-machining steel. Therefore, in order to ensure of appropriate the quality of surface roughness and 
productivity, it should be provide the most favorable treatment conditions during processing.  

Analysis of the test results enables the selection of cutting parameters for the CCET09T302R-MF insert for 
which the Ra surface roughness values obtained will be less than 1μm. Machining process of the shafts surface 
could cause cutting furrows and spalling of material of surface layer, which negatively influence on the quality 
of the surface. 

The aim of determining in detail the influence of cutting parameters on the geometric structure of surface, an 
analysis of other surface roughness and material ratio will be performed. Additionally, the research results of 
the influence of treatment conditions on the cutting forces of shaft pins will be done. The multiple regression 
equations for both surface roughness and cutting forces will also be determined. The final step of research will 
be comparing the results obtained in 2D measurements with measurements of the surface topography. 
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Abstract 

In the present study, the method of non-vacuum electron beam cladding of powder mixtures containing 10, 20 
and 30 wt. % of boron carbide, titanium and welding fluxes (CaF2, LiF) was used for the synthesis of titanium 
carbide and titanium boride particles. The structure, phase composition, microhardness and tribotechnical 
properties of the samples of commercially pure titanium after surfacing were investigated. The thickness of the 
obtained coatings was 1.4 ... 1.7 mm. The main phases of the cladded layers were alpha-titanium, titanium 
carbide with a cubic lattice of TiC (B1), titanium monoboride with an orthorhombic lattice TiB (B27). The 
obtained data were confirmed by the results of the microstructural analysis. The microstructure of the coatings 
consisted of hardening titanium carbide and titanium boride particles distributed in the titanium matrix. All 
coatings contained 0.2-0.89 vol. % of undissolved boron carbide particles. The factor, which was determined 
the microhardness and tribotechnical properties of the obtained materials, was the hardening particles content 
in the coatings. The average microhardness value of the coatings was 395, 521 and 565 HV at 10, 20 and 30 
wt. % B4C, respectively. The friction test against fixed abrasive particles exhibited that the relative wear 
resistance of the coating formed by cladding of 30 wt. % B4C was three times higher compared to commercially 
pure titanium. 

Keywords: Titanium, electron beam cladding, titanium carbide, titanium boride, wear resistance 

1. INTRODUCTION 

Titanium and its alloys are widely used in the aerospace, chemical and automotive industries due to its high 
strength, low weight and excellent corrosion resistance [1-3]. However, low tribotechnical properties limit an 
application of titanium alloys under abrasive wear conditions [4]. For example, an abrasive wear rate of titanium 
alloys is about seven times higher than a wear rate of carbon steel 1080 [4]. Traditional methods of chemical-
thermal treatment lead to an increase in the hardness of the titanium surface layer but they are not attended 
by a significant increase in wear resistance. 

The methods of surface hardening such as PVD, CVD, laser and electron beam cladding, plasma spraying 
are the proven technologies that allow increasing wear resistance of titanium alloys. 

Laser processing allows improving the properties of the material surface layer without changing the properties 
of the base metal. The first papers which cover the laser hardening of titanium-based alloys appeared in the 
1980s [5, 6]. Various types of ceramic phases such as carbides, oxides, borides and nitrides of metals were 
used as the hardening particles. Several approaches to the formation of the hardening phases in the surface 
layers of titanium alloys exist: the immediate addition the particles to the melt or the in-situ formation during 
the material crystallization. The second approach allows improving the adhesion to the matrix and increasing 
the quality and homogeneity of the coatings. However, considering the significant reflection of the laser beam 
from the materials surface, its energy is not always sufficient for the complete melting of refractory compounds. 
Using of an electron beam allows avoiding the above disadvantage. The electron beam is a volumetric source 
of energy and allows melting almost any material for a short time. 
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In this study, the electron beam energy was used for the in-situ synthesis of the composite coatings. Such 
investigations have been carried out using an ELV-6 industrial electron accelerator at the Institute of Nuclear 
Physics of the Russian Academy of Sciences (Novosibirsk, Russia) for many years [7-11]. The uniqueness of 
the accelerator consists in the extraction of an electron beam into the air atmosphere. In spite of the short-
term processing, the oxidative effect on the material is high. The welding fluxes were used to avoid it. 
Numerous studies have shown that it was recommended to use LiF and CaF2 fluorides for the high-quality 
protection of titanium alloys. 

In the study [10], the efficiency of the flux protection of the melt bath from oxidation in electron-beam cladding 
of tantalum and niobium powders was evaluated. The gas content was estimated using a LECO TC-600 
device. The method consisted in the melting of a metal sample in a graphite crucible in the helium stream. The 
oxygen released in the form of CO or CO2 was determined by the method of molecular absorption spectroscopy 
in the infrared region, nitrogen was the detector of thermal conductivity. The authors have shown that the 
content of oxygen and nitrogen in the cladded layers did not exceed 0.192 % and 0.022 %, respectively. The 
obtained concentrations of impurities did not exceed the concentration regulated by GOST 19807-91. 

Currently a lot of findings concerned with electron-beam hardening and surface alloying of cp-titanium were 
obtained [7-11]. This study is a continuation of the investigations in this area. In the study the effect of the 
boron carbide content in the initial powder mixture on the structure and tribotechnical properties of the obtained 
coatings was evaluated. The synthesis of titanium boride and carbide phases in the titanium surface layers 
using an electron beam is a promising task and allows not only increasing the hardness level at the room 
temperature, but also at high temperatures. In addition, TiC and TiB phases have densities closed to the 
density of titanium. It allows increasing the number of the hardening phases without a significant effect on the 
total density of the composite. 

2. MATERIALS AND METHODS 

The titanium alloy VT1-0 was used as the base metal. The dimensions of the plates were 12 x 50 x 100 mm. 
Boron carbide powder (10, 20 and 30 wt. %), titanium powder (20, 30 and 40 wt. %) and powders of the welding 
fluxes CaF2 (40 wt. %) and LiF (10 wt. %) were used as an alloying material. The powder mixture was uniformly 
mixed, was distributed over the surface of the titanium workpiece in an amount of 10 g and was exposed to 
an electron beam. Technological experiments were carried out using an ELV-6 industrial electron accelerator 
at the Budker Institute of Nuclear Physics of the SB RAS (Novosibirsk) according to the following modes: the 
speed of sample movement was 25 mm / s; the electron beam current was 30 mA; the electron energy was 
1.4 MeV; the distance from the outlet window to the workpiece was 90 mm. The electron beam was scanned 
in the transverse direction with the scan rate of 50 Hz to ensure cladding over the workpiece width. 

Microstructural investigations of the transverse microsections were carried out using a Carl Zeiss Axio 
Observer A1m optical microscope. Evaluation of the size and volume fraction of the hardening phases was 
carried out on non-etched microsections using the ImageJ program. The microstructural features of the 
cladded layers were examined using a Carl Zeiss EVO 50 XVP scanning electron microscope. The phase 
composition of the layers was analyzed using an ARL X`TRA X-ray diffractometer. Diffraction patterns were 
obtained in Cu Kα radiation in a step mode with a step size of 0.05° and dwell time of 5 s per point. The 
microhardness distribution over the depth of the cladded layer was measured using a Wolpert Group 402MVD 
tester. The load on the diamond indenter was 0.98 N. 

Tribotechnical tests of the materials obtained by electron-beam cladding were performed in accordance with 
GOST 17367-71 (the nearest analog is ASTM G132-96 standard) under fixed abrasive particles. The cylinder-
shaped samples 2.5 mm in diameter were prepared for the test. The load was 3 N, the total test time was 35 
s. Wear rate was estimated by the weight loss of the samples after the tests. The surface of the samples after 
wearing was examined using a scanning electron microscope. 
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3. RESULTS AND DISCUSSION 

The optical micrographs of the materials obtained by non-vacuum electron beam cladding of the boron carbide 
and titanium powders are presented in Figure 1. In the results of electron beam treatment the surface of the 
base materials (titanium VT1-0) and powder mixture are melted, and the hardening particles are precipitated 
during crystallization. Figure 1 shows a clear interface between the cladded layer and the base metal. The 
heat-affected area was located below the interface. The thickness of the specimens obtained by cladding of 
10 and 30 wt. % boron carbide was varied from 1.4 to 1.7 mm. Defects such as pores and cracks were not 
determined. However, undissolved particles of boron carbide are presented in the lower area of the cladded 
layer of the all type of coatings (Figure 1). Its volume fraction did not exceed 0.89 %.  

 

Figure 1 Structure of the titanium surface layers obtained by non-vacuum electron beam cladding of the 
boron carbide and titanium powders mixture (the beam current was equaled to 30 mA) 

Figure 2 shows SEM micrographs of the cladded layer structure. The hardening particles of titanium carbides 
and borides with different morphology distributed in an alpha-titanium matrix are formed in the structure. 
Titanium boride is precipitated, as a rule, in the form of the particles of two types: the primary hexagonal prisms 
and fine acicular particles of the eutectic type. It should be emphasised that the titanium boride crystals of any 
type grow with a hollow core. The crystals are filled with alpha titanium inside. The particles of titanium carbide 
have dendritic morphology. Figure 2d shows that the growth of the dendritic titanium carbide crystals occurs 
on the side faces of titanium boride. The fine particles of titanium carbide formed during the eutectic reaction 
are also observed in the coating. The line scan profiles of Energy dispersive X-ray (EDX) analysis which 
confirms the data of scanning electron microscopy are shown in Figure 3. 
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Figure 2 Scanning electron microscopy of the layers obtained by non-vacuum electron beam cladding        
10 wt. % B4C (a), 20 wt. % B4C (b, d) and 30 wt. % B4C (c) 

 

Figure 3 Distribution of Ti, B and C along the scanning line 

An increase in the concentration of boron carbide powder in the initial powder mixture leads to the volume 
fraction growth of the hardening phases particles (TiC and TiB) from 21, 33 to 46 %. In addition, an increase 
in the volume fraction and sizes of the primary crystals of the hardening phases is observed. 

The phase analysis of the samples obtained by cladding of boron carbide and titanium powders has shown 
the presence of the peaks of three phases: hexagonal α-titanium (α'-titanium) (A3), cubic titanium carbide (B1) 
and orthorhombic titanium boride (B27) (Figure 4). An increase in the concentration of boron carbide in the 
alloying mixture leads to enhancing the intensity of the peaks of titanium carbide and boride. The shift of the 
TiC peaks towards the major angles indicates a change in the lattice parameters. It means that TiC exists in 
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the form of TiCx (x < 1). The peaks of boron carbide on the X-ray diffraction pattern were not determined. It is 
concerned with their low volume fraction in the depth of the cladded layer. 

 
Figure 4 X-ray diffraction patterns of the Ti-B-C system layers obtained by non-vacuum electron beam 
cladding of the titanium powder mixture with 10 wt. % B4C (a) and 30 wt. % B4C (b) on the cp-titanium 

workpieces 

Hardness measurements were carried out in the direction from the surface to the base metal. The obtained 
results are shown in Figure 5a. The average microhardness value of the coatings was equaled to 395, 521 
and 565 at the concentration of 10, 20 and 30 wt. % B4C in the initial powder mixture, respectively. The increase 
in the microhardness level is attributed to the high volume fraction of titanium carbide and boride in the 
coatings, the hardness of which exceeds considerably the hardness of the base metal. 

 

Figure 5 The microhardness distribution in the depth of the cladded layers (a) and the relative wear 
resistance of the materials under fixed abrasive particles (b) 

The evaluation of the wear resistance level during the friction test against fixed abrasive particles was 
performed by a mass loss of the materials during the wearing. The test results are shown in Figure 5b.  
A joint analysis of Figures 5a and 5b shows that enhancing the volume fraction of the hardening particles 
leads to an increase in the hardness and wear resistance of the materials. Thus, the sample obtained by 
cladding of 30 wt. % boron carbide possesses the maximum wear resistance. Its relative wear resistance is 
three times higher than the wear resistance of cp-titanium. 
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4. CONCLUSIONS 

Thus, in the results of non-vacuum electron beam cladding of boron carbide and titanium powders on the cp-
titanium workpieces the hardening particles of titanium carbide and boride were synthesized in the surface 
layers. The thickness of the layers was depended on the concentration of the boron carbide powder in the 
initial powder mixture and was equaled to 1.4 ... 1.7 mm. The structural-phase composition of the obtained 
materials did not vary with the concentration of boron carbide. The cladded layer contained inclusions of 
titanium carbide and boride distributed in the α-Ti (α'-Ti) titanium matrix. An increase in the concentration of 
boron carbide in the alloying mixture to 30 wt. % led to the growth of the volume fraction of the TiC and TiB 
hardening inclusions. It was attended by an increase in the hardness and wear resistance of the materials in 
three times in comparison with the base metal. 
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Abstract 

Electrochemical chloride extraction from a reinforced concrete structure may be accompanied by an 
electrochemical injection of healing agents if such agents are positively charged and are able to migrate 
towards the activated reinforcement. Nanoparticles carrying a positive or cathionic corrosion inhibitors might 
be the proper choice. Organic substances with a positive charge and their salts are mostly such inhibitors. The 
essential conditions for successful application of such corrosion inhibitors are their sufficient corrosion 
inhibition efficiency that was studied and evaluated elsewhere and their stability of positive charge in alkaline 
concrete environment and their migration ability through concrete pore system.  

Keywords: Concrete, corrosion inhibitors, chloride 

1. INTRODUCTION  

Steel embedded in fresh concrete is largely in a passive state due to the formation of a thin layer of iron oxide 
on its surface. This passive layer is stable due to the high alkalinity of the concrete, the pH of which ranges 
from 12.5 to 13 [1]. For corrosive action to take place, this passive layer must be broken. This process is most 
often done in concrete in two ways. The first way is the penetration of chloride ions through the concrete cover 
layer up to the steel reinforcement. The chlorides may originate from seawater and de-icing salt but also in 
admixtures used in concrete production itself. [2]. One of the main research is concerned with the possibilities 
of reducing the adverse effects of chlorides and of deactivating its catalytic effects [3]. It is assumed that the 
cement itself has the ability to bind chloride ions to form a Fridel salt which is ineffective as a corrosion catalyst 
[4, 5]. Consequently, the content of chlorides in concrete is limited, as a result of which terms such as chloride 
thresholds or critical chloride content [6]. There are many different publications that report on the critical content 
of chlorides. According to the author [7] this value ranges from 0.6 to 1 kg / m3.However, the European standard 
EN 206-1 specifies chloride content in the range of 0.2 - 0.4 % of chlorides by mass of binder for reinforced 
concrete and 0.1 to 0.2 % for pre-stressed concrete [6]. Theoretically, if the critical chloride content is not 
exceeded, the alkalinity of the concrete is sufficient to minimize corrosion [7]. The second possible way of 
accelerating steel corrosion in concrete is that the concrete is carbonated. Carbonation occurs as a result of 
the carbon dioxide reaction from the atmosphere with the concrete, which results in a reduction of the alkalinity 
of the concrete according to the following reaction [8]: 

Ca(OH)2 + CO2 → CaCO3 + H2O (1) 

Carbonation of the concrete causes problems in practice (lowering the pH and lowering the basic protection 
provided by concrete) only when the concrete layer over the reinforcing steel is not sufficiently thick and the 
concrete is porous [7, 9]. Once the corrosion starts, it can lead to complete damage of the structure. The 
corrosion process, like an electrochemical process, takes place on the surface of the steel where the anodic 
and cathodic regions are located in parallel. The reactions occurring on the steel surface can be summarized 
as follows [10, 11]: 

Anodic reaction Fe -> Fe2+ + 2e- (2) 
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Cathodic reaction ½ O2 + H2O + 2e- -> 2OH- (3) 

The rate of corrosion is therefore controlled by the rate of diffusion of oxygen towards the steel reinforcement 
through the cover layer of concrete [10]. Chloride-induced corrosion can be mitigated by reducing the chloride 
ion level in concrete by various mechanisms. One of the possible examples is cathodic protection [12]. Other 
options are thermal acceleration diffusion, removal of chlorides under pressure [13], re-alkalisation and 
electrochemical extraction [8, 14]. Cathodic protection is aimed at reducing corrosion rate in construction 
where the chloride process is already under way, it is now necessary to use higher current densities of up to 
15 mA / m2 or 20 mA / m2 [16, 17]. Electrochemical extraction of chlorides uses an electric field with a current 
density in the range of 1-5 A / m2. Such an electric field is introduced into specific components of the structure 
to undergo rehabilitation, with the migration of chloride ions from the concrete for several weeks [5, 15]. In the 
connection, the steel reinforcement is a cathode and titanium or stainless-steel mesh is generally used as 
anode placed in a suitable electrolyte on the surface of the concrete. After connecting the apparatus to a DC 
power source, the steel will reach more negative potential. This will repel anions and attract cations contained 
in the concrete pore solution. Sodium, potassium and calcium ions accumulate at the cathode. However, it has 
been found out that such accumulation intensifies the risk of alkaline-silica reaction in concrete containing 
potentially reactive aggregates [18]. The foregoing method may be supplemented by the electrochemical 
injection of the corrosion inhibitor (EICI) shown in Figure 1. The arrangement EICI is similar to the 
electrochemical extraction of chlorides, so that the electric field flows between the steel as the cathode and 
the outer anode, the whole arrangement being inserted into the electrolyte which adheres to the structure 
surface [8, 18]. The effects of chloride-induced corrosion can also be mitigated by the use of some chemicals 
that serve as corrosion inhibitors. Under the action of the electric field, the cationic component of the corrosion 
inhibitor migrates through the concrete layer to the cathode while the chloride ions in the concrete migrate 
from the concrete to the anode [19]. The corrosion inhibitor contained in the electrolyte creates a protective 
layer around the embedded steel rods and isolates corrosive substances such as chlorides and oxygen when 
the inhibitor concentration reaches the adequate value [20]. At the same time, the alkalinity of the pore solution 
is increased in the vicinity of the steel reinforcement. This phenomenon has the effect of promoting 
repassivation of steel. It has been shown that electrochemical injection is an effective way of adding corrosion 
inhibitors to already existing structures and can be used as a rehabilitation measure to slow down or reduce 
corrosion. The study showed that injection could provide adequate protection against the corrosion of steel 
reinforcements in chloride contaminated concrete [21]. This technology is new and has a non-destructive 
nature requiring only a temporary installation (10-15 days). According to the National Association of Corrosion 
Engineers (NACE), the current density 
used should not exceed 4 A / m2 of steel 
surface and the charge used during the 
treatment should not exceed 1500 Ah / 
m2 [21]. While electrochemical chloride 
extraction and electrochemical injection 
of corrosion inhibitor technologies look 
like promising techniques for the 
treatment of ferro-concrete structures 
contaminated with chlorides, their 
application is currently limited by 
detailed information about basic 
mechanisms [22]. 

Such inhibitors may be surface-applied 
and used to rehabilitate existing 
structures [20] or pass into hardened concrete through an external electrical mesh. However, the mitigating 
mechanism involves a complex electrochemical process that depends primarily on the concentration of 

Figure 1 Schematic connection of EICI [20] 
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chloride ions relative to the concentrations of corrosion inhibitors [6]. The efficiency of a corrosion inhibitor in 
mitigating chloride-induced corrosion can be simplistically determined by laboratory tests in a simulated pore 
solution concurrently containing the inhibitor and chloride ions at a given concentration while simultaneously 
investigating the corrosion rate over time. Prediction of inhibitor and chloride ion concentrations on the steel 
surface in concrete after application of the electric field requires extensive modelling research. The movement 
of chloride ions and corrosion inhibitor ions can be attributed to three fundamental mechanisms, namely natural 
diffusion, electrical migration, and transport by the movement of the pore solution due to capillary forces or an 
external pressure gradient [14]. In water-saturated concrete, chloride ions migrate preferably by natural 
diffusion and electrical migration, if an electrical field is applied [22]. The natural diffusion of chloride ions 
depends primarily on their concentration gradient, which can also be influenced by the electrical membrane 
potential generated in the concrete [22]. An external electric field is often used to control the transport of 
chloride ions and protective species in concrete [22]. Corrosion inhibitors can become a good choice for other 
protection methods or traditional repair methods that are already in use due to lower costs and possible simple 
use. Classification of corrosion inhibitors is varied, as there are several options for distributing corrosion 
inhibitors. Mainly used classifications include division according to application methods or protective 
mechanism. 

According to the application methods, the corrosion inhibitors can be divided according to the concrete into 
which it is added whether the inhibitor is added to fresh concrete or is already applied to the hardened concrete. 
According to the protection mechanisms, corrosion inhibitors can be divided into anodic, cathodic and mixed 
corrosion inhibitors. Anodic corrosion inhibitors act to dissolve steel and to reduce corrosion rates by increasing 
the corrosion potential of steel while cathodic inhibitors act on the oxygen reaction on the steel surface and 
reduce corrosion rate by reducing corrosion potential. The function of cathodic inhibitors is that they act on the 
oxygen reaction on the steel surface and they reduce the corrosion rate. The last group is mixed corrosion 
inhibitors, which simultaneously act on both anode and cathode sites and reduce corrosion rate without 
significant change in corrosion potential. This type of inhibitor has a hydrophobic group and a polar group such 
as -N, -S, -OH [22, 24]. Great attention is dedicated to the corrosion inhibitor with a positive charge and the 
possibility of application to hardened concrete [25, 26]. As far as chlorides are concerned, mostly sodium, 
calcium or magnesium diffuse into the concrete environment, which does not significantly alter the corrosion 
process [7]. Some of these corrosion inhibitors are based on amines, alcohols or compounds known to have 
a tendency to diffuse at a noticeable distance through concrete under certain conditions. [23, 24] When 
introducing these corrosion inhibitors through the surface into an already existing concrete structure, it is 
assumed that they can reach a sufficient concentration up to the level of the built-in steel reinforcement to 
protect it from corrosion. The selection of suitable corrosion inhibitors is the key to the success of 
electrochemical injection. A corrosion inhibitor suitable for electrochemical injection should fulfill several 
conditions. E.g. to provide sufficient protection against corrosion in the chloride ion environment or to exist 
predominantly as a cationic species. Therefore, corrosion inhibitors based on amine or alkanolamine are a 
good choice when considering these conditions [20]. Several researchers have recently studied diffusion rate 
or absorption-induced penetration of surface-applied inhibitors into concrete and their effectiveness in 
controlling corrosion of steel under various conditions [23]. 

As mentioned above, a properly chosen inhibitor may affect the on-going process on the reinforcing steel 
surface. There are many inhibitors tested in literature, which individual authors undergo in a variety of tests. 
Highly investigated inhibitors are organic amines and alkanolamines (AMA) inhibitors and their salts with 
organic and inorganic acids or aminoalcohols [24]. Chelating agents include organic corrosion inhibitors which 
can form five or six membered chelate rings [24]. These rings are formed by a bond between two or more 
functional groups from an inhibitor (such as -NH2, -OH, -SH, -COOH and -SO3H) and a metal cation [24]. Some 
studies state that AMA and associated radicals form a layer on the surface of steel that completely covers all 
anodic and cathodic components and therefore are mixed type inhibitors. In other publications [24], further 
studies (with potentiodynamic polarization) indicate that amine-based inhibitors and alkanolamines act mainly 
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on anodic activity, with the consequent increase in corrosion potential. As mentioned in [7], where the author 
of an example of two inhibitors, namely aminoalcohols such as ethanolamine (C2H7NO) and 
dimethylethanolamine (C4H11NO), which control corrosion by attacking cathodic activity, blocking sites where 
oxygen picks up electrons and is reduced to hydroxyl ion. Another inhibitor already added to said inhibitor is 
guanidine carbonate (C2H10N6 · CH2O3). Guanidine carbonate was tested together with ethanolamine in [23]. 
Both of these inhibitors were introduced into saturated samples of carbonated and non-carbonated concrete 
with the help of an external electrolyte under the influence of an electric field which was introduced between 
the steel cathode and the external anode as shown in Figure 2. The current density applied to the samples 
was controlled with a galvanostat and ranged from 1 - 5 A / m2 for 3-14 days. Experiments with the same 
samples and inhibitors were carried out, but without the use of a current. After the injection, the sample 

underwent an analysis to determine the 
concentration profile of the corrosion inhibitor in 
the concrete using an ion chromatograph.  

The efficiency of injection of both inhibitors under 
the applied electric field was found to be much 
higher in carbonated concrete than in non-
carbonated concrete. Also observed in the 
samples of scorched concrete, the inhibitors 
were concentrated near the embedded steel. In 
non-carbonated concrete, the penetration of 
guanidine was accelerated to a certain extent by 
the applied electric field. However, the 
penetration by ethanolamine was not significantly 
increased by application of the electric field. 
These findings were explained in terms of the 

influence of pH values of pore solutions in different samples. Another influence has been attributed to the 
various degrees of ionization of the respective organic bases, and thus their tendency to migrate and neutralize 
the cathodically formed hydroxyl ions. A further series of investigations of ethanolamine and guanidine have 
been elucidated in [19]. Subsequently, the results were used to develop the mathematical model [25]. 

Karthick et al. [14] increased the number of inhibitors tested and, in addition to guanidine, also tested 
thiosemicarbazide (CH5N3S), ethyl acetate (CH3COOC2H5) and triethanolamine (C6H15NO3) in contaminated 
concrete with chlorides. For EICI, the current density was 0.5 A / m2. At the same time with the electrochemical 
injection, the amount of chloride ions removed from the cover layer of concrete was monitored. Several 
methods were used to evaluate injection efficiency, including open circuit potential monitoring followed by 
potentiodynamic polarization studies before and after EICI. And the last method was impedance measurement 
before and after EICI. Other methods were the gravimetric method of weight loss, estimation of chloride profiles 
and surface examination (FTIR, SEM, EDAX and MIP studies). All electrochemical measurements point to the 
improvement of the steel reinforcement properties after EICI. According to Pan et al. [22] Electric injection of 
corrosion inhibitor (EICI) shows the potential for protecting the reinforcement against the attack of chlorides 
using a corrosion inhibitor on the surface of the reinforcement under the influence of an applied external electric 
field. For the study, eight inhibitors were selected, namely Tetrabutylammonium Chloride (TBA-C), 
Tetrabutylammonium Bromide (TBA-B), Tetraethylammonium Bromide (TEA-B), Tetramethylammonium 
Bromide (TMA-B), Tetramethylammonium Chloride (TMA-C), Tetrabutylphosphonium Bromide (TBP-B), 
Triethanolamine (TEOA) and Tetraethylammonium Chloride (TEA-C). The inhibitory efficacy was tested, 
expressed as percentage reduction in corrosion rate, was tested using an inhibitor relative to the control 
sample. The solutions were adjusted to pH 12 with sodium hydroxide, followed by addition of 0.5 M sodium 
chloride to help simulate the aggressive environment. The control solution was used without the addition of an 
inhibitor. To the remaining solutions, individual 20 mM inhibitors were added. An open circuit potential (OCP) 

Figure 2 Experimental arrangement [23] 
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measurement was performed. For corrosion rate measurement, a potentiodynamic weak polarization 
measurement was used. The highest efficacy was achieved in TBA-B (85 %) and also in TMA-C (75 %), the 
least effective being TEA-C, which reached 18%. Also, Nguyen et al. in [21], were electrically injected using 
tetrabutylammonium bromide (TBAB) at a current density of 5 A/m2 in repair mortar. Testing took place in two 
electrolytes (0.1 M NaOH and 0.1 M Na3BO3) and for two time periods (1 and 4 weeks). The concentration of 
the organic inhibitor on cation-based was determined before and after EICI using UV-Vis spectroscopy. 
Experimental results show that EICI treatment with 0.1 M Na3BO3 was more effective at inhibitor injection and 
improved resistance to chloride penetration due to the use of 0.1 M NaOH as an electrolyte. After the 4-week 
treatment of EICI, the apparent diffusion coefficients of chloride anion in cement mortar were reduced by 40 %. 
Using EICI, it was possible to halt the corrosion of steel reinforcements caused by chlorides and support 
passivation of the steel.  

2. CONCLUSION 

In this paper, several corrosion inhibitors were summarized as a short overview. Using literature, the 
knowledge of the possible application and parameters appropriate to EICI application was collected. The 
methods used to monitor the efficacy of individual inhibitors after injection into the concrete structure have also 
been summarized. However, it was not possible to mention all of the methods tested so far, but their brief 
overview can be found [1]. Our role in the experimental part is to clarify the functionality and the possibility of 
using the selected corrosion inhibitors during the rehabilitation of the reinforced concrete structure under the 
parallel extraction of chlorides and electrochemical injection. In the next timeframe, our selected corrosion 
inhibitors are tested in simulated solutions of non-carbonated and carbonated concrete. Subsequently, the 
same inhibitors are subjected to the migration test through a real sample of concrete to determine their ability 
to pass through the cover layer of concrete using an external electric field. Experiments on concrete samples 
with steel reinforcement will be the last. Resistometric sensors are added to the reinforcement to determine 
the change in corrosion rate during injection. This measurement will then be accompanied by measurements 
of the polarization resistance before and after injection. Another method will be the EIS measurement with 
which Dr. J. Fojt will help us. When determining concentration profiles and other analytical methods, Dr. S. 
Msallamová will help us. 
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Abstract 

The article presents the impact of cutting inserts with coatings on the roughness of the milled surface. Two types 
of coated steel inserts were selected for the research purpose. The first one was covered with Ti (C, N) + Al2O3 
coating, while the other was TiC / TiN-CVD and Ti (C, N) + Al2O3. They were then mounted in a milling head. The 
process of surface milling has been subjected to C45 steel. Milling process for each inserts proceeded at the 
same rate of cutting. After a certain number of tool passages, the measurements of wear parameters and the 
roughness of the milled surface were measured. This allowed us to determine the effect of tool wear on the 
properties of the milling face layer. 

Keywords: Wear of cutting inserts, milling, roughness, coatings 

1. INTRODUCTION 

As the industry grows, the demand for productivity increases. Production is largely based on machining. Tools 
were used to process materials made of materials much harder than the workpieces. The most commonly 
used tools for this purpose were carbide tools and high speed steel. These tools are characterized by high 
strength and durability. Put into use alloys with modified chemical compositions meant that existing tools have 
become inefficient. They were not able to work on some materials, or tools were quickly blunted. This resulted 
in downtime in production as well as additional production costs [1,2]. 

The solution to these problems was to modify existing tools. These tools are covered with coatings that 
increase their strength (improved cutting properties). This made it possible to cut many materials as well as 
increase tool life. There are many methods of covering the tools with coatings as well as many types of 
coatings. This allowed the creation of tools adapted to the processing of specific groups of materials [3]. 

2. METHODOLOGY OF MEASUREMENTS PERFORMED AND DESCRIPTION OF USED 
APPARATUS 

2.1. Workpiece 

C45 (1.0503) steel was used for research purposes. Steel C45 is used for bodies of tools and molds for plastics 
processing and auxiliary tools such as base plates, washers. Steel C45 is a high strength steel with high 
ductility. C45 steel is used in the normalized and improved, and hardened surface on the medium loaded 
machine parts and resistant to abrasion, such as crank shafts, axles, gears and spindles. The table (Table 1) 
shows its chemical composition. Samples were circular in shape with a diameter of 45 mm. 

Table 1 Composition of C45 steel 

Chemica
l element C Mn Si P S Cr Ni Mo W V Al Cu 

% 0.42-0.5 0.5-0.8 0.1-0.4 
Max 

0.04 

Max 

0.04 
Max 0.3 Max 0.3 Max 0.1 - - - Max 0.3 
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2.2. Cutting tool 

Two types of cutting inserts have been used for research purposes: RDHX 12T3 MOTN ST1400 [4], RDHX 
12T3 MOTN ST900 [5]. These are 12 mm round cutting inserts with the same carbide insert base but differ in 
coatings. The RDHX 12T3 MOTN ST900 cutting board has TiC / TiN-CVD, Ti (C, N) + Al2O3 coatings. The 
RDHX 12T3 MOTN ST1400 cutting board had Ti (C, N) + Al2O3. These plates were mounted in the Garant 
212145 milling head [6]. 

2.3. Milling process 

The surface planning process was performed on the vertical milling center DMU 50 MONOblock.This is a 5 
axis CNC numerically controlled milling machine on the Heidenhain iTNC530. The workpieces were mounted 
in a triple-screw holder on the machine table. Samples for each tile were treated under the same treatment 
conditions shown in table (Table 2). All processing parameters were machined with a single cutting insert. 
Each of the milled surfaces was made in 4 passes due to the width of the used milling head. The surface 
planning process was repeated 60 times. 

Table 2 Milling parameters 

Milling width ae 42 mm 

Depth of cut ap  0.5 mm 

Cutting speed Vc  235 m·min-1 

Rotation speed n 2050 rotation·min-1 

Feed f  0.72 mm·rotation-1 

Feed on the blade fz  0.18 mm 

Feedrate speed vf  369 mm·min-1 

2.4. Milling process 

Roughness measurements of milled specimens were made using measuring instruments: 

 Taylor Hobson FORM TALYSURF PGI 1200 contact profilometer 
 Taylor Hobson TALYSURF CCI Lite optical profilometer 

This is an instrumentation that, due to its capabilities, is adapted to this type of measurement [7]. 
Measurements of wear inserts made on the microscope inspection SX80 behind an FOX Pixel software and 
IC Measure. Total milling time was 4800 seconds. Surface measurements and sample consumption were 
performed in approximately 360 seconds. 

3. MEASUREMENT RESULTS 

The results of VBBmax wear and roughness measurements are shown in Table 3. 
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Table 3 Parameters VBBmax and Ra 

 RDHX 12T3 MOTN ST1400 RDHX 12T3 MOTN ST900 

T (s) VBBmax (mm) Ra (µm) VBBmax (mm) Ra (µm) 

0 0 - 0 - 

360 0.0061 0.2251 0.0039 0.249 

720 0.0111 0.3475 0.0041 0.2534 

1080 0.0226 0.5392 0.0053 0.3652 

1440 0.0328 0.604 0.0066 0.4178 

1800 0.0417 0.858 0.0073 0.4361 

2160 0.0462 0.8723 0.0079 0.4597 

2520 0.0545 1.1035 0.0094 0.4965 

2880 0.0639 1.0477 0.0159 0.8272 

3240 0.0662 1.1645 0.0199 1.13 

3600 0.0694 1.3682 0.0211 1.1475 

3960 0.0714 1.4648 0.0235 1.1508 

4320 0.0738 1.5199 0.0261 1.2413 

4680 0.0796 1.5846 0.0321 1.2657 

4800 0.0818 1.744 0.0384 1.7607 

Based on the measurements, graphs of blade wear curves were drawn on Figure 1. 

 
Figure 1 Graph of wear of cutting inserts 

The RDHX 12T3 MOTN ST1400 plate wear analysis showed that the blade is permanently wear-free without 
clearly visible characteristic transition zones. The largest recorded tool wear was 0.0818 mm. Such a course 
could be due to uniform wear of the cutting insert coating. When working with the RDHX 12T3 MOTN ST900 
board you will notice several characteristic zones on the graph. The first characteristic zone ends after 2520 
seconds of machining. Such tool wear can be caused by a uniform cutting edge. After this there is an intensive 
increase in tool wear. This can be caused by scratching the insert. 

After this there is a constant increase in tool wear. It can be seen that the TiC / TiN-CVD, Ti (C, N) + Al2O3 
coated plate consumption is twice as low as Ti (C, N) + Al2O3 coatings. With this level of wear, a plate with 
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more coatings will be able to cut more. The measurements also made a graph showing the roughness of the 
milled surfaces (Figure 2). 

 
Figure 2 Graph of roughness of measured surfaces 

On the chart, it can be observed that the surface treated RDHX 12T3 MOTN ST1400 maintains a constant 
level of roughness. This is caused by uniform wear on the plate surface. With regard to platelet wear levels, it 
can be observed that RDHX 12T3 MOTN ST900 has distinctive sections. At the beginning, a plate is reached, 
characterized by sudden increase in roughness of the surface to be measured. Then, the roughness of the 
surface to be measured is stabilized. After a certain number of cycles has taken place, the surface roughness 
of the surface is increased. This may cause wear of the outer shell of the cutting insert. After this step, the 
surface roughness increase again. At the end of the treatment process, there is another increase in roughness. 
By analyzing the approximation of roughness measurements of the surface of the measured samples with 
respect to the treatment of the various plates, a constant level of roughness increase in the surface area can 
be observed. The surface roughness of the measured surface was measured after a certain treatment time. 

Only the selected measurement showing the final surface of each plate type by optical and contact method is 
shown in the paper (Figure 3).  

RDHX 12T3 MOTN ST1400                                RDHX 12T3 MOTN ST900 

 
a) Topography of the surface                               c) Topography of the surface 
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b) Surface contact profile                                       d) Surface contact profile 

Figure 3 Topography of the final surface of the measured samples  
along with the surface contour 

4. CONCLUSION 

The measurements allowed to determine the wear level of cutting inserts with different coatings during C45 
steel processing. TiC / TiN-Ti, Ti (C, N) + Al2O3 and Ti (C, N) + Al2O3 were used for these purposes. Analysis 
of the measurements found that the plate with more coatings was characterized by lower wear levels. During 
measurements, it was found that its wear is twice as low. This will translate into increased cutting insert life. 
The roughness measurement showed a steady increase in the roughness of the surface measured. 
Approximation charts showed that using the plate RDHX 12T3 MOTN ST900, it is smaller in relation to the 
plate RDHX 12T3 MOTN ST1400. 
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Abstract 

Tungsten carbide (WC) is in the groups hard materials, which is used for cutting tool. The substrate sample 
was coated with device PVD. Coatings nc-WC/a-C:H were deposited in a vacuum chamber by magnetron 
sputtering. This device has four independent planar magnetrons with circular targets. Three targets were made 
from pure graphite and one form pure tungsten. Tungsten carbide is approximately two times stiffer than steel, 
with a Young's modulus of approximately 650-700 GPa. At the end of the coating process Ar / methane 
(Ar 25 sccm / CH4 12.5 sccm) was admitted to chamber, which gets into the surface layer. The parameters of 
the process influence properties of the thin films were amourphous microstructure, hardness and adhesion to 
the substrate. The tribological measurements were performed the “ball-on-disc” testing method. Tribological 
testing (EN1071-13:2010) was performed using a ball made from Si3N4 with a diameter of 5 mm, with 
a constant load of 10 N at room temperature and humidity of 40 ±2 %. The results were analysed by 
profilometer and optical microscope.   

Keywords: Tungsten carbide, PVD, layers, ball-on-disc 

1. INTRODUCTION 

Coating nc-WC/a-C:H was carried out in a vacuum chamber with magnetrons. In the chamber were made 
layers from three targets pure graphite (4N) and one form pure tungsten (4N).The coating was applied to the 
sample surface after diffusion hardening surface hardness, surface polished sample was rinsed in acetone 
and ultrasonic bath. The hardness of the substrate samples was 63 - 64 HRC. Polished samples (Ø 20mm, 
5 mm thick) of HSS steel 19 830 were used as substrate material. It is a high-speed steel with high toughness. 
The chemical composition of the HSS steel DIN - HS 6-5-2, (CSN 19 830) value (wt. %) are shown in Table 1.  

Samples were compared with two different parameters when coating. Sample WC 1 was coated the 
performance of the magnetron 0.7 kW (0.7 A). Sample WC 2 was coated the performance of the magnetron 
of 0.5 kW [1,2,3]. 

Table 1 Chemical composition substrate samples of HSS steel DIN - HS 6-5-2 

Elements C Mn Si P S Cr Mo W V 

(wt. %) 0.8-09 0.25 0.33 0.029 0.0003 3.97 4.76 5.95 1.72 

Table 2 Parameters PVD process 

Layer Tungsten carbide Pressure in chamber Argon flow U bias 

 4.39.10-4   Pa 25 sccm - 50V (0.011A) 
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Figure 1 Deposition process for sample type a) WC1, b) WC 2 

The diagrams describe of power magnetrons and procedure of coating process. On the right side of the 
diagram, the sample is placed with the structure layers. Magnetron parameter: W (WC1) (0.45 kW; 2.1 A), 
(WC2) (0.5 kW; 3.5 A). 

2. EXPERIMENTAL DETAILS 

2.1. Raman spectroscopy 

Coated samples were analyzed by Raman spectroscopy. We can see very similar curves on the graphs 
(Figure 2). 

 
Figure 2 Raman spectroscopy samples WC 1, WC 2 

Raman scattering by an anisotropic crystal gives information on the crystal orientation. The polarization of the 
Raman scattered light with respect to the crystal and the polarization of the laser light can be used to find the 
orientation of the crystal, if the crystal structure (to be specific, its point group) is known [4]. In this case, the 
amorphous material crystallizing germs nc-WC/a-C:H. These differences in the graphs are given different 
chemical composition procentual representation graphite and tungsten. 

2.2. The XPS spectra analyse   

The XPS spectra show except C, O, W (Table 3) and small contamination by N probably from the deposition 
process. The carbon high resolution peaks C 1s do not show significant evidence of C-W bond expected at 
binding energy about 283 eV [5,6]. The small component at this BE is probably also influenced by instrument 
broadening moreover amount of W in sample is rather low about 3 at. %, respectively 1.5 at. % therefore the 
significant contribution of WC to C1s peak cannot be expected. The higher BE range of 286-290 eV 
corresponds to carbon covalently bonded to oxygen. The main peaks should be sp2 bonded carbon at binding 
energy about 284.7 eV and the necessary component at 285.6 eV should represent sp3 [7]. 
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The high resolution O1s spectra are mainly single peak character about 532.5 eV identified as general carbon 
to oxygen bonds and small component observed about 530.5 eV. It can be oxygen bonded in WO3 [6]. This 
supports our observation of WO3 phase in W 4f spectra.  

Table 3 Chemical composition from XPS spectra 

Variable C 1s N 1s O 1s W 4d5/2 

1.-WC-1 90.4 % 0.5 % 7.5 % 1.5 % 

2.-WC-2 89.2 % 0.6 % 7.2 % 3.0 % 

From the XPS spectral analysis, we find that in the second WC sample there is more tungsten 3.0% that 
came to the film at the beginning of the coating process.   

 
Figure 3 Difractogram of samples WC 1, WC 2 

Next graph Figure 3 shows a comparison of measured diffraction patterns of thin films WC [8,9]. The nature 
of diffraction patterns can be seen that both samples are amorphous. Faint diffraction peak at a sample of WC 
1 at about 44◦ 2 theta include substrates. The nature of diffraction patterns it is not possible to determine the 
phase composition. It can be assumed that the layers are amorphous and can contain small germ crystallites 
in the nanometers. The diffraction peak corresponds to the substrate. 

The following picture a comparison of difractogram thin WC layers. It is obvious that both samples are 
amorphous. 

2.3. The of the tribological measurements is the “ball-on-disc” testing method    

Polished discs (Ø 20 mm, 5 mm thick) of tool steel were used as substrate material. The CETR UMI Multi-
Specimen Test System in “ball-on-disc” mode was used to estimate the tribology properties of the thin films. 
The CoF between the unit and the disc is determined during the test measurement [10]. Tribological testing 
(EN1071-13:2010) was conducted using a ball made from Si3N4 with a diameter of 6.35 mm, with a constant 
load of 10 N. 

              
       Figure 4 a) Surface of thin layer WC 1    b) Surface ball WC 1 
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         Figure 5 a) Surface of thin layer WC 2    b) Surface ball WC 2 

                
Figure 6 a) Surface profil WC 1 layer, b) Surface profil WC 2 layer 

On Figure 4a and Figure 4b we can see similar surface after tribological tests. On diagrams Figure 6a and 
Figure 4b we can follow the surface profile of the layers. 

 

Figure 7 Coefficient of friction, surface of thin layer WC 1, WC 2 

3. CONCLUSION 

Two samples layers of tungsten carbide were compared diffractograms of thin layers of WC 1, WC 2. It is clear 
from the character of diffractive records that both samples are amorphous. The insignificant diffractive 
maximum for a sample of WC 1 at about 44th  2o theta is a substrate. Unfortunately, due to the nature of the 
diffractograms, may contain small crystals in the order of nanometers.  

We can assume that according to the graph of the sample WC 2, due to friction at the friction pair of the ball, 
friction results in greater structural changes in terms of hardness. There are larger germ crystals in WC 2 
sample. 
Tungsten carbide (WC 1, WC 2) have a similar average coefficient of friction of 0.12. Sample WC 2 shows 
less roughness. Original roughness of the surface before coating was Ra 0.02 - 0.03. Tungsten carbide 

a b 
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material is mainly used for machining purposes, as measured coefficient 0.12 can be further reduced by using 
a suitable cooling and lubricating operating fluid during machining [11,12,13].. 

ACKNOWLEDGEMENTS 

The authors acknowledge the assistance provided by the Research Infrastructure NanoEnviCz, 
supported by the Ministry of Education, Youth and Sports of the Czech Republic under Project No. 

LM2015073. 

This paper was supported in part by the project LO1201 through the financial support of the Ministry 
of Education, Youth and Sports in the framework of the targeted support of the “National Programme 
for Sustainability I” and the OPR&DI project “Centre for Nanomaterials, Advanced Technologies and 
Innovation” registration number CZ.1.05/2.1.00/01.0005. The work of Vaclav Malek was supported by 
the Ministry of Education of the Czech Republic within the SGS project “Modern Trends in Material 

Engineering” of the Technical University of Liberec. 

REFERENCES 
[1] MAKOWKA, M., PAVLAK, W., KONARSKI, P., WENDLER, B., Hydrogen content influence on tribological 

properties of nc- WC/a-C:H coatings. Diamond & Related, 2016, vol. 67, no. 6, pp. 16-25. 

[2] GONNORD, H., JAOUEN, M., DELAFOND, J., GIRARDEAU, T., Wear improvements of stainless steel and 
tungsten carbide substrates covered by thin carbon films combining ion beam assisted deposition and plasma 
enhanced chemical vapor deposition from pure CH4  deposition methods. Wear, 1999, vol. 231, no. 1, pp. 38-46. 

[3] BATORY, D., JEDRZEJCZAK, A., SZYMANSKI, W., NIEDZIELSKI, P., FIJALKOWSKI, M., LOUDA, P., 
KOTELA, I., HROMADKA, M., MUSIL, J., Mechanical characterization of a-C:H:SiOx coatings synthesized using 
radio-frequency plasma-assisted chemical vapor deposition method. Wear, 2015, vol. 590, no. , pp. 299-305. 

[4] PARDANUD, C., MARTIN, C., GIACOMETTI, G., MELLET, N., PÉGOURIÉ, B., ROUBIN, P., Thermal stability and 
long term hydrogen/deuterium release from soft to hard amorphous carbon layers analyzed using in-situ Raman 
spectroscopy. Comparison with Tore Supra deposits.,  Thin Solid Films, 2015,vol. 581, 30 April, pp. 92-98 

[5] CRIST,B.V, Handbook of Monochromatic XPS Spectra, John Wiley, Sons Ltd (Verlag), 2000 

[6] BAAHNANN, D., SCHLETT, V., FRESENIUS, J., AES and XPS investigations for the topochemical characterization 
of dope elements on WC powders. Anal Chem,1991, vol. 341, no. , pp. 200-206. 

[7] DIAZ, J.,J,PAOLICELLI, G., FERRER, S., COMIN, F., Separation of the sp3 and sp2 components in the C1s 
photoemission spectra of amorphous carbon films.  Physical rewiew B, 1996, vol. 54, no. , pp. 11-15. 

[8] DICHEV,D., KOEV,H.,BAKALOVA, C.,LOUDA,P, A Model of the Dynamic Error as a Measurement Result of 
Instruments Defining the Parameters of Moving Objects. Measurement science review, 2014, vol.14, no.4, pp. 183-
189 

[9] JAHODOVÁ, V., DING, X.,SENG,D.H.L, GULBINSKI, W., and LOUDA, P., Mechanical, tribological and corrosion 
properties of CrBN films deposited by combined direct current and radio frequency magnetron sputtering,  Thin 
Solid Films, 2013,vol. 544, October, pp. 335-340 

[10] BAKALOVA, T., LOUDA, P., VOLESKÝ, L., et al, Impact of natural nanoadditivies on the tribological and chemical 
properties of process fluids.,Oxidation communications, 2015, vol. 38, no.4A, pp. 2135-2146 

[11] BAKALOVA, T., PETKOV, N., BLAŽEK, T., KEJZLAR, P., LOUDA, P., VOLESKÝ, L., Influence of coating process 
parameters on the mechanical and tribological properties of thin films. Defect and Diffusion Forum, 2016, vol. 368, 
no., pp. 59-63 

[12] BAKALOVA, T., SVOBODOVÁ, L., BORŮVKOVÁ, K., LOUDA, P., VOLESKÝ, L., The Influence of nanoadditives 
on the tribological properties of process fluids, Journal of Physics: Conference Series, 2016,vol. 709, no., pp. 
012001 

[13] VOLESKÝ, L., BAKALOVA, T., BORŮVKOVÁ, K., LOUDA, P., The impact of the deposition parameters on the 
mechanical properties of thin carbon layers. Defect & Diffusion Forum, 2016 vol. 368, no., pp. 95-98 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1377 

PROPERTIES OF HYDROXYAPATITE SURFACE DEPOSITED BY PLASMA SPRAY 
TECHNOLOGIES  

MATĚJKOVÁ Michaela1, ČÍŽEK Jan1,2, MUŠÁLEK Radek2, DLOUHÝ Ivo1  

1Institute of Materials Science and Engineering, NETME centre, Brno University of Technology,  
Czech Republic, EU 

2Institute of Plasma Physics CAS, v.v.i., Department of Materials Engineering, Prague, Czech Republic, EU 

Abstract  

The surface properties of hydroxyapatite (HA) deposited on the Ti-6Al-4V substrates by plasma spraying were 
studied. Two different plasma spray technologies (hybrid plasma spray system (WSP-H) and conventional 
atmospheric plasma spray technology (APS)) and two various feedstock (suspension for WSP-H and powder 
for APS) were used for deposition of HA layers potentially suitable for bio-applications. The layers properties 
(thickness, chemical and phase composition) and coating-substrate interface quality were analyzed. The XRD 
analysis showed formation of small amount of new phases (TTCP and CaO) in layers deposited by WSP-H. 
Better coating-substrate interface quality of samples prepared by WSP-H was observed. The results showed 
the deposition of HA through liquid feedstock via WSP-H as a promising route, complementing the traditional 
APS powder deposition in the near future. 

Keywords: Hydroxyapatite, hybrid water-stabilized plasma spray, atmospheric plasma spray technology 

1. INTRODUCTION 

Plasma spray technologies are widely used for various applications due to their versatility. High temperature 
and high deposition rates allow efficient deposition of wide range of materials. The feedstock, usually in the 
form of powders, is melted and deposited on a substrate, where a typical lamellar microstructure is produced. 
Powders as feedstock are used for conventional atmospheric plasma spraying (APS) [1; 2; 3; 4]. Another 
option is a liquid feedstock of suspension of solid particles dispersed in a solvent (suspension plasma spraying 
- SPS) or solution precursor plasma spraying (SPPS) [3; 5; 6; 7]. For suspension and solution plasma spraying, 
torches with high enthalpy content are primarily used. One of such plasma sources is hybrid water-stabilized 
plasma (WSP-H) developed at Institute of Plasma Physics CAS, v.v.i. [3; 7]. 

WSP-H technology uses benefits of water stabilization and gas stabilization torch. First, argon plasma is 
generated in the cathode section (gas stabilization) and then enters the water stabilized section, where water 
evaporation and steam ionization substantially increase plasma enthalpy [7]. The high-enthalpy plasma 
provided by the WSP-H torch may be used for thermal spraying of powders as well as liquid feedstock with 
high feed rates [3; 7]. 

Hydroxyapatite (Ca10(PO4)6(OH)2, HA) is widely preferred as the biomaterial due to its favorable 
osteoconductive and bioactive properties. HA has similar chemical composition and crystal structure as apatite 
in the human skeletal system, and is therefore suitable for bone implants. Despite its ideal bioactive properties, 
poor mechanical properties (as fracture toughness, strength and ductility) hinder the use of HA as a load 
bearing implant. For these reasons, the combination of bioactive HA and mechanically strong metals are a 
promising approach to load bearing implants. One of the suitable materials is titanium. Titanium and titanium 
alloys are attractive materials for biological applications for their low density, satisfactory mechanical 
properties, high corrosion resistance and good biocompatibility [8; 9; 10; 11]. 

The objective of this study was comparing properties of hydroxyapatite layers deposited by WSP-H on Ti6Al4V 
and stainless steel substrate and APS on stainless steel substrate. 
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2. EXPERIMENTAL 

2.1. Preparation of hydroxyapatite 

Conventional chemical precipitation was used for preparation of hydroxyapatite suspension, i.e. reaction of 
calcium hydroxide and phosphoric acid under controlled temperature and pH value:  

10 Ca(OH)2 + 6 H3PO4 → Ca10(PO4)6(OH)2 + 18 H2O (1) 

Part of the resulting HA suspension was used for deposition by WPS-H. Next part of HA suspension was dried 
by spray dryer and the obtained powder was used for deposition by APS. Atomizing the suspension into a 
stream of heated air flowing through the spray dryer evaporation chamber resulted in the formation of globular 
particles. The powder purity 98.6 % by XRD was measured.  

2.2. Preparation of samples by plasma spray 

HA suspension was deposited by water-stabilized plasma torch WSP-H 500 (ProjectSoft HK a.s., Czech 
Republic). Two sets of samples on two different substrates (stainless steel AISI 304 - WSP/S-1 and   WSP/S-
2; Ti-6V-4Al - WSP/T-1, WSP/T-2) were prepared by WSP. First set of samples was sprayed with standard 
plasma torch power level (500 A), the second set was deposited using lower power level (400 A). Feed rates 
were 105 and 90 g / min, respectively. Suspension injection distance was 30 mm, stand-off distance was 100 
mm. Interpass cooling temperature was 200 °C. Further details on spraying of suspensions with WSP-H torch 
are provided in [7]. 

HA powder was sprayed by Praxair SG-100 atmospheric plasma spraying gun. Two sets of samples on 
stainless steel AISI 304 substrate were prepared with different spraying conditions (APS-1 and APS-2). 
Specifications of spraying conditions for respective APS sets are summarized in Table 1.  

Table 1 Spraying conditions of samples deposited by APS 

Spraying parameters   APS-1 APS-2 

Net power (kW) 15 15 

Flow of main gas - argon (scfh) 100 100 

Flow of auxiliary gas - helium (scfh) 40 60 

Flow of carrier gas - argon (scfh)  30 30 

Spray distance (mm) 120 80 

2.3. Analysis 

Cross section of samples deposited by WSP-H and APS was analyzed by scanning electron microscopy (SEM; 
FEG-SEM Zeiss Ultra Plus) and quantitative chemical analyses were performed by using energy dispersive 
spectroscope (EDS; EDAX XL-30). Phase composition of the deposited layers was determined using XPert 
Pro X-ray diffractometer (Co Kα, Kβ absorption filter) equipped with XCelerator detector (PANalytical B.V.).  

3. RESULTS 

Figure 1 shows morphology of the HA deposited coating by WSP-H and APS. WSP-H layers exhibited 
heterogeneous, fine lamellar structure with partial porosity. More pronounced “columnar-like” microstructure 
was observed on the layer deposited on the steel substrate when compared to Ti6Al4V substrate which can 
be due to the different surface roughness after grit-blasting. Aside from this, no significant differences were 
observed for the different substrates. The lower power settings of the WSP-H system (400 A) resulted in less 
efficient melting of the feedstock particles, thereby increasing the content of the non-molten particles in the 
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final coatings (cf. WSP/T-1, WSP/T-2). APS-1 coating showed relatively homogenous structure with cracks 
vertically passing through the HA layer to the substrate. Non-compact layer HA with poor coating-substrate 
interface quality in seen in APS-2 sample, suggesting inferior adhesion to the substrate. Higher surface 
roughness for WPS-H layers and better coating-substrate interface quality for WPS-H substrate-coating 
interface than APS layers was observed. The thicknesses of deposited coatings were measured and obtained 
data are presented in Table 2. 

 

Figure 1 The structure of HA coatings produced via WSP-H and APS technologies 

Table 2 Coating thickness of samples deposited by WSP-H and APS 

 WSP/T-1 WSP/T-2 WSP/S-1 WSP/S-2 APS-1 APS-2 

Coating thickness [µm] 31 ± 8 26 ± 9 33 ± 12 33 ± 15 24 ± 14 15 ± 10 

As expected, EDS analysis showed a presence Ca, P and O in the structure for all deposited layers. The 
phase composition was analyzed by XRD (Figure 2). Less intensive transformation of HA was detected in the 
WSP-H layers (90 % HA, 6 % TTCP, 4 % CaO). In the case of the APS layers, substrate (Fe peaks) was 
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detected in APS-1 layer and a large amount of HA was transformed (APS-1: 38 % HA, 44 % Ca5P8, 8 % CaO; 
APS-2: 60 % HA, 27 % CaC2, 12 % Ca3(PO4)2) due to increased spraying temperature and longer time, which 
the particles spent in the plasma jet. 

 
Figure 2 XRD patterns of the HA layers produced via WSP-H and APS technologies 

4. CONCLUSIONS 

Possibility of HA deposition by plasma spray technologies was examined in this study. Two plasma spray 
methods were used (hybrid water-stabilized plasma and atmospheric plasma spraying). Two different 
substrates for deposition by WSP-H were used. 

The XRD analysis showed substantial differences in the results for each technology. While significant phase 
changes occurred in the coatings deposited from powder feedstock (APS), prospectively jeopardizing the 
potential HA use, the coatings deposited from the liquid feedstock via WPS-H technology mostly retained the 
original composition. Further, higher surface roughness was observed for the layer deposited by WPS-H on 
the steel substrate. It is assumed that deposition of WSP-H technologies may lead to more promising HA 
coatings with better adhesion between the substrate-coating interface and to deposition HA without cracks in 
layer. The results showed that WPS-H technology may be potentially suitable for deposition of biocompatible 
HA. Complete elimination of CaO in the deposit microstructure and increase in the coating thickness will be 
the aim of sequel study. 
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Abstract 

The paper presents the properties of diamond-like carbon (DLC) coatings deposited by PVD technique. Their 
properties were determined by the analysis of the structure and texture of the films and by hardness and 
tribological testing. The hardness of coated and uncoated parts was measured using a Matsuzawa 
microhardness tester. The coating structure was analyzed based on the topography of the surface and 
observation of the cross-sections with the aid of a JSM 7100F scanning electron microscope and EDS X-ray 
microanalysis. The results were used to determine the elementary composition, phase distribution and 
thickness of the coatings. Analysis of the chemical composition of the elements present in the samples was 
performed. The surface topographic maps were developed using the Talysurf CCI Lite optical profilometer. 
The wear resistance was established under dry friction conditions using a ball-on-disc tribometer, with the ball 
being made of 100Cr6 steel or 100Cr6 steel coated with DLC and with the disc being made of the 100Cr6 steel 
coated with DLC. The experimental data indicate that DLC coatings improve the service life of components. 
The results of structural analyses and tribological tests of DLC coatings were compared with those obtained 
for the substrate material, i.e. steel. The study aimed at assessing how the coating and the material used for 
the counter samples, i.e. a steel ball and a DLC ball affect the tribological properties of the parts operating 
under dry conditions. Compared with the substrate material (steel), the diamond-like carbon coatings showed 
lower linear wear, lower friction coefficient and higher hardness. 

Keywords: Diamond - like carbon coatings, SEM, friction, wear 

1. INTRODUCTION 

Modern science has revealed limitations of mechanical, physical and chemical properties as well as 
performance characteristics of conventional materials [1]. During operation, tribological systems wear off 
substantially due to friction and processes accompanying friction [2,3]. The wear and friction processes can 
be minimized or eliminated by applying increasingly popular diamond-like carbon (DLC) coatings [4,5]. DLC 
coatings, first produced by Aisenberg and Chabot in 1971 [6], are becoming integral to a diverse range of 
areas, including medicine, automotive design, electronics and machinery manufacturing. The quality and 
functionality of many engineering materials are dependent on mechanical stress applied to them and on 
specific requirements regarding their surfaces, such as abrasive wear resistance and low friction coefficient. 
The ability of DLC coatings to self-lubricate makes them suitable for use whenever the improvement of 
tribological performance of machine components is necessary, e.g. when liquid lubricants cannot be applied 
[7,8]. DLC coatings can be doped with various dopants such as S, N, W, O, F, Ti, V, Mo, Co, Nb and their 
combinations without sacrificing the amorphous character of the films [8,9]. 

2. MATERIALS 

2.1. Test materials 

The test samples were produced of 100 Cr6 steel coated with a single layer of a-C:H diamond-like carbon film. 
The 100 Cr6 steel balls were used as counter-samples. The tests were performed on a ball-on-plate machine 
without a lubricant. The analysis focused on  a-C:H coatings  produced by PVD process at 250 °C. 
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3. RESULTS AND DISCUSSION 

3.1. Scanning electron microscopy and EDS analysis 

A JSM JEOL 7100F electron microscope with an EDS 
detector was used to observe the samples with DLC films. 
The structural investigations included surface topography 
observations (Figure 1).  

Microstructural study of the a-C:H cross-section and points 
analysis of the chemical composition were performed at 
selected points, as shown in (Figure 2).  

The investigations showed that the coating under analysis is 
diamond-like carbon. The DLC coating possesses a highly 
homogeneous structure; no defect or non-discontinuity was 
found. The results of a-C:H chemical composition analyses 
shows that in the surface layer is mainly carbon, whereas in 

the interlayers except carbon-based contains also tungsten. The layer at the interface between the substrate 
and the a-C:H coating contains carbon, tungsten, and chromium. 

a)                                                                                b) 

   
 
c)                                                                                 d) 

    

Figure 2 SEM image: a) cross-section of the a-C:H coating microstructure, b) analysis of the chemical 
composition at point 1, c) analysis of the chemical composition at point 2,  

d) analysis of the chemical composition at point 3 

Figure 1 SEM image of the a-C:H coating 
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3.2. Surface geometric structure 

Topographic study of the DLC-coated sample was supplemented with the measurements of the geometric 
structure of the surface. The non-contact profiler Talysurf CCI manufactured by Taylor Hobson was used. 
(Figure 3) shows the isometric image of the surface, the distribution of ordinates with the Abbott-Firestone 
curve, an example of a surface profile and a rose plot. (Table 1) compiles the key parameters of the surface 
geometric structure. 

Table 1 Parameters of the a:C-H coating surface geometry structure  

Surface geometry structure parameters  a:C-H coating 

Sa (μm) 0.1034 

Sq (μm) 0.1415 

Ssk -1.5525 

Sku 6.6320 

Sp (μm) 0.3826 

Sv (μm) 0.8853 

Sz (μm) 1.2679 

The 3D image of the surface topography allows a more detailed identification of its geometric structure. 
Arithmetic mean of the absolute values of the surface departures from the mean plane, Sa, was 0.1034 μm. 
Additional information about the surface profile was derived from the amplitude parameters such as skewness, 
Ssk, and kurtosis, Sku. These parameters are sensitive to localized valleys or peaks resulting from inadequate 
preparation of the substrate.  

a)                                                                                          b) 

                        

c) 
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d) 

 
Figure 3 Surface geometric structure: a) topography, b) distribution of ordinates and the bearing area curve, 

c) surface profile, d) rose plot 

Knowledge of the surface geometric structure is helpful in evaluating the quality of a given sample, as it is 
possible to observe the directionality of the surface structure [10] and analyse the results of tribological 
investigations. The surface being studied is smooth and uniformly directional, as confirmed by the rose plot.  

3.3. Hardness 

Different chemical compositions, design and topographies of surfaces are reflected in their different 
mechanical properties such as microhardness and adhesion. Mechanical properties were evaluated based on 
microhardness measurements conducted with a Matsuzawa tester. A Vickers indenter was subjected to a 
force of 98.07 mN. (Table 2) compiles averaged hardness values from five measurements of substrate 
material and a-C:H coatings. 

Table 2 Hardness of substrate material and DLC coatings 

Material Hardness, HV0.01 Standard deviation 

substrate - steel 100 Cr6 770 18.3 

a-C:H coating 1908 30 

The results above show that the a-C:H diamond-like carbon coating is noticeably, nearly three times harder 
than the substrate material.  

3.4. Tribological tests 

Tribological properties of DLC coatings were tested on a T-01M ball-on-disk tribometer. The tester, used for 
evaluation of the materials operating under friction conditions, is optimised for determination of wear resistance 
and coefficient of friction in sliding wear tests for any material pairs, depending on sliding velocity and surface 
pressure. The system is composed of a stationary pin or ball held under applied loading force P against a disc 
rotating at a set velocity n. The ball 10 mm in diameter was made of 100 Cr6 steel. The discs were made of 
100 Cr6 steel and 100 Cr6 steel with a diamond-like carbon coating. Tribological quantities were determined 
under dry friction at the following parameters: 

 load P = 10 N, 50 N, 100 N, 
 sliding velocity v = 0.1 m·s-1, 
 friction path D = 500 m, 
 relative humidity 55 ± 5 %, 
 temperature T0 = 22 ± 1 0C, 
 humidity: 55 Rh ± 1 %. 
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The tribological tests evaluated friction character and wear as a function of friction path at a constant load, 
temperature and humidity of the ambient on the basis of the recorded friction force/friction coefficient and wear 
quantities. The results are included in (Figure 4) (coefficient of friction) and in (Figure 5) (linear wear).  

 
Figure 4 Coefficient of friction         

 
Figure 5 Changes in linear wear of the friction nodes under equal load 

The results summarised in (Figures 4, 5) indicate that the lowest coefficients of friction and linear wear values 
were recorded for steel-DLC system under the load of 10 N. The coefficient and wear values increased with 
increasing load but in the case of all the systems with DLC films being studied, these values were substantially 
lower than in the case of the steel 100 Cr6 substrate.  

4. CONCLUSION 

DLC coatings are becoming increasingly popular due to their excellent mechanical properties such as strength 
and hardness. Their friction-reducing properties noticeably outclass the classical engineering materials, 
contributing to the energy reduction trend observed over the last several years.  

From the SEM analyses it is clear that the DLC coatings deposited by the PVD method possessed a more 
homogeneous structure. Tribological testing indicates that owing to low coefficient of friction, linear wear and 
high hardness, DLC coatings can be used in a variety of high friction applications. Incorporating a dopant 
into the microstructure of the DLC provides a possibility of developing desired tribological characteristics, 
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suitable for the given working environment. The DLC coatings showed better tribological properties and more 
stable operating conditions than the base material. 
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Abstract 

In this study, suspension plasma spraying of sub-stoichiometric titania was attempted using hybrid water/argon 
stabilized plasma torch (WSP-H). Porous coatings with fine cauliflower-like columnar microstructure were 
successfully deposited in two separate experiments with different power levels of the plasma torch. In both 
cases, high solid-load content (40 wt. %) of the water-based suspension resulted in considerable coating 
thickness increase per deposition cycle. Coating annealing and partial remelting of the surface asperities were 
also achieved by additional pass of plasma torch in front of the coating surface. According to X-ray diffraction, 
all coatings consisted dominantly of rutile phase. Detailed microscopic observation of the as-sprayed and 
annealed deposits showed that the local coloration of the coating (ranging from dark blue to beige) was driven 
by the local overheating of the rough coating surface which could also promote the oxygen intake. Moreover, 
sample annealing was also observed to increase the sample reflectivity as observed by UV-VIS-NIR scanning 
spectrophotometry. 

Keywords: Thermal spraying, plasma spraying, titania, suspension, liquid feedstock, WSP-H 

1. INTRODUCTION 

Plasma spraying with liquid feedstock (i.e. suspensions or solutions) is an alternative to conventional plasma 
spraying of coarse dry powders and enables deposition of novel class of layers [1]-[7]. In our previous study 
[8], deposition of titania combining fine coating microstructure with its large specific area was attempted from 
solution but the coating mechanical properties were not sufficient for engineering applications such as 
photocatalytic coatings. Aim of this study was to prepare a more durable titania coating, this time from 
suspension of slightly sub-stoichiometric titania (TiOx, 1.9 < x < 2.0). Motivation to use this suspension was 
that it was a ready-to-spray suspension with commercial-grade purity and stability. Moreover, plasma spraying 
of common stoichiometric titania (x = 2.0) typically results in deficiency of oxygen content in the deposit 
anyway, which may be easily recognized from the coloration change (white feedstock turns into dark blue 
coating). If needed, such deficiency of the oxygen in the coating microstructure may be recovered by additional 
heat treatment in the oxygen-rich atmosphere without significant alteration of the coating microstructure. 

2. EXPERIMENTAL 

Hybrid water-argon plasma torch WSP®-H 500 (ProjectSoft HK a.s., Czech Republic) was used for spraying. 
Substrates (20 x 30 x 2.5 mm) manufactured from grit-blasted AISI 304 stainless steel were mounted for 
deposition to a rotating carousel cooled by compressed air. Temperature of the substrates was monitored by 
wireless K-type thermocouple attached to one of the substrates from the back side. Suspension of TiOx in 
water (Treibacher Industrie AG, Austria) with solid load of 40 wt. % was injected into the plasma jet from 
pneumatic liquid feeding unit through 0.35 mm diameter nozzle. The distance of the injection point from the 
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torch exit (feeding distance) was 25 mm, injection angle was 65° downstream and the torch stand-off distance 
was 100 mm. The feeding pressure was increased until the mean trajectory of the fragmented liquid stream, 
as observed by shadowgraphy system SprayCam (Control Vision Inc., USA), was identical with the plasma jet 
axis. After the preheating of the substrates by their exposure to the plasma jet without the suspension injection, 
injection was activated and deposition was carried out in 5 deposition cycles, each consisting of 3 up & down 
plasma torch strokes in front of the rotating sample holder. In order to evaluate sensitivity of the deposited 
material to the heat content provided by the plasma torch, two experiments were carried out: in the first 
experiment, the plasma torch was operated at standard amperage of 500 A (~150 kW torch power), in the 
second experiment, amperage was reduced to 400 A (~120 kW torch power). 

Metallographic cross-sections and free-surfaces of the deposited samples were observed by SEM microscope 
EVO MA 15 (Carl Zeiss, Germany). Phase composition of the deposits was evaluated by X-ray diffraction 
(XRD) analysis using D8 Discover diffractometer (Bruker AXS, Germany) and quantitative Rietveld analysis.  

The diffuse reflectance of the coatings was measured by a UV-VIS-NIR scanning spectrophotometer 
(Shimadzu, Japan) with a multi-purpose large-sample compartment. The diameter of the measured area was 
about 2 cm2. The reflectance curves, obtained between 200 and 2000 nm wavelength were recorded. Prior to 
the measurement, a calibration process was conducted using a BaSO4 reference mirror in order to minimize 
the error from the environment. Accuracy guaranteed by the manufacturer is ±0.3 nm for the wavelength and 
the uncertainty of measurement less than 0.2 %.  

3. RESULTS 

Successful fragmentation of the injected suspension stream in the plasma jet is apparent from Figure 1. For 
both experiments, mean particle trajectory was identical with the plasma jet axis, which is necessary for 
appropriate thermal treatment of the feedstock. Due to the lower plasma torch power for the 400 A experiment, 
optimum feeding pressure had to be reduced from 3.8 to 3.2 bars which was reflected in the slight reduction 
of the feed rate from 94 ml / min to 86 ml / min.  

    
 500 A  400 A 

Figure 1 Shadowgraph of suspension injection into the plasma jet (bright area) 

Temperature profile of the samples during the deposition as measured by thermocouple is depicted in 
Figure 2. After the preheating cycle, five deposition cycles are distinguishable as temperature peaks, each 
followed by the cooling period. The temperature increase during the deposition cycles was for 500 A 
experiment about 60 °C higher than for the 400 A experiment (i.e. 430 °C and 370 °C, respectively) which may 
be explained by a more intensive heat transfer from the plasma torch to the samples. Higher plasma torch 
power also demanded significantly longer cooling periods in order to retain the desirable interpass substrate 
temperature (i.e. 250 °C).  
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During both spraying experiments, formation of coatings homogeneously covering the substrates was 
achieved (Figure 2). Significant change of the color of the deposited material was observed during spraying 
from the dark blue of original suspension to the dark blue coating with beige asperities.  

     
Figure 2 Left) Sample temperature history during deposition. Right) Samples after the coating deposition. 

Experiment 500 A  

The cross-sections of the coatings revealed that both deposited coatings had similar porous cauliflower-like 
microstructure consisting of island of compact areas intermingled with internal porosity and delimited by deep 
open pores (Figure 3). The higher porosity of the 400 A coating leading to a looser microstructure may be 
explained by less heat available in the deposition process which led to less efficient formation of the splats 
and compaction of the deposited layer. However, islands of the well-bonded material may be observed for this 
coating as well (see detail in Figure 3b).  

The final thickness of the coatings was 120 ± 44 µm and 159 ± 48 µm for the 500 A and 400 A coatings, 
respectively. Higher porosity of the 400 A coating may also explain its slightly higher deposition efficiency (DE) 
in terms of net coating thickness increase per deposition pass (about 5.3 µm/pass) when compared to the 
500 A coating (about 4.0 µm/pass), however, in terms of net weight gain per pass, the DE values were 
comparable. Also from the free-surface side (Figure 4), both coatings were comparable with considerable 
surface roughness (Figure 6-left) and distinguishable splats with size ranging from submicron values to 
several tens of micrometers. 

  
 500 A  400 A 

Figure 3a Cross-sections of the deposited coatings 
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 500 A  400 A 

Figure 3b Cross-sections of the deposited coatings (detail) 

  
 500 A  400 A 

Figure 4 Detail of free surface of the deposited coatings 

XRD analysis of both deposits showed that the coatings consisted of dominantly rutile phase (>98 wt. % 
according to Rietveld refinement) and only small residual amount of anatase. XRD pattern of the as-sprayed 
coatings indicates also presence of Magneli phase (defective rutile structure [9]). 

In order to elucidate the reason for the change of coloration of the deposit, additional annealing by plasma 
torch was attempted. In this separate experiment, one of the 400 A samples was exposed to 3 up & down 
strokes of the plasma torch set again to 400 A power level but with deactivated suspension feeding. Sample 
temperature as measured by IR camera aiming on the carousel from the side (i.e. where the sample was due 
to the carousel rotation already protected from the plasma jet) showed that the sample surface temperature 
was at the time of full exposure to the plasma jet significantly higher than 700 °C.  

Moreover, intensity of the coating beige coloration was further enhanced (Figure 5) and the coating surface 
became glossy. Comparison of the coating surface before and after annealing proves that the surface 
asperities were locally molten (Figure 6). XRD analysis of the annealed surface showed that the anatase and 
Magneli phase content dropped below the detection limit of the XRD method and mean size of coherently 
diffracting domains (CDD) increased from about 90 nm to 200 nm, also indicating substantial modification of 
the coating microstructure.  
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Figure 5 400 A sample before (left) and after annealing by plasma torch 

   
Figure 6 Free surface of the deposited 400 A coating before and after additional annealing by plasma torch 

 
Figure 7 Reflectivity of the as-sprayed and annealed 400 A coating 

Reflectivity of the coatings was measured for the as-sprayed and annealed 400 A samples. Reflectivity is 
expressed as the diffuse reflectance of the sample versus the diffuse reflectance of the BaSO4 standard. Peaks 
at about 1450 nm and 1950 nm are detected due to adsorbed water. The sample annealed by the plasma 
torch exhibits markedly increased reflectivity that is associated with its brighter surface. Its reflectivity is higher 
not only in the VIS range, but also in UV and near-IR ranges, as usual when comparing as-sprayed and 
annealed TiO2-based coatings [10].  

4. CONCLUSIONS 

This study was primarily aimed to attempt to deposit titania coatings from ready-to-spray sub-stoichiometric 
feedstock. This task was successfully achieved. Regardless to the plasma torch power, the dominantly rutile 
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layers were sprayed with considerable deposition efficiency and uniformly covered the substrate surface 
without any observable macroscopic failure such as delamination. Moreover, the coatings developed a rough 
surface with cauliflower-like microstructure which is promising for applications, where a high specific surface 
area of the coatings is desirable. High content of the rutile phase in the deposits is a result of thorough thermal 
treatment of the suspension in the plasma jet. It was demonstrated that microstructural modification of the 
coating may be achieved by simple additional annealing by plasma torch following immediately after the 
deposition. It is expected that conventional equilibrium annealing in the open air furnace could retain the 
coating microstructure without the local overheating of the surface asperities and also promote stoichiometry 
modification due to the oxygen intake. This will be also a subject of further investigation. The sample annealed 
by the plasma torch exhibited markedly increased reflectivity due to the deposit reoxidation and remelting of 
the surface asperities. Photocatalytic properties of the deposited layers are currently investigated.  
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Abstract 

Blast-cleaning is one of the often-used technologies of surface pre-treatment. Its main use is in the area of 
anticorrosive protection of materials, as the last technological operation prior to the creation of protective 
coating. The basic principle of abrasive blast-cleaning is the hurling with high kinetic energy of blast-cleaning 
abrasive against the surface of a material. The results are the cleaning of the surface of a material from 
drosses, rust and other impurities, the creation of a characteristic microgeometry of the surface and also the 
significant effect on the surface layer of a material. All these parameters have a significant impact on the 
resulting adhesiveness of protective coating of a material to the base material. The following paper presents 
a complex analysis and evaluation of the surface of a material after abrasive blast-cleaning. A cylindrical 
intermediate product was blasted with four different types of media. The analysis of individual surfaces 
included, for instance: the assessment of purity of a surface according to EN ISO 8501-1, Surface tension 
measurement of the substrate using test inks, a metallographic analysis, assessment of surface roughness, 
assessment of microhardness and the analysis of residual stress using the magnetoelastic method. On the 
basis of these analyses, it is possible to clearly set the optimal parameters of surface abrasive blast-cleaning 
prior to the creation of protective coating. 

Keywords: Abrasive blast-cleaning, surface pre-treatment, Barkhausen noise  

1. INTRODUCTION 

The successful application of final surface layers is directly dependent on the quality of preparation of the 
anchor surface. Complex assessment of the surface's quality is, however, relatively time-demanding and can 
be carried out only in a limited extent in operating conditions [1]. The used procedure of analysis enables to 
unambiguously evaluate the quality of the preparation of the surface by blast-cleaning abrasive [2]; [3]. 

2. EXPERIMENTAL MATERIAL AND PROCEDURES 

For experimental measurements were used five steel cylindrical intermediate products P235TR1 acc. to EN 
10217-1 with dimensions T76.1 x 2.9/235 mm. Each sample was blasted following blast-cleaning abrasive: 
sample S1 - stainless steel shot (average hardness 42 HRC, grain size 0.3 mm), sample S2 - steel shot 
(average hardness in the range from 46 to 51 HRC, grain size 0.3 mm), sample S3 - steel shot (average 
hardness in the range from 56 to 52 HRC, grain size 0.3 mm), sample S4 - steel grit G18 (average hardness 
59 HRC, grain size in the range from 0.71 to 1.18 mm). 

Complex surface analysis of material was carried out the following experimental measurements: 

Visual assessment of surface cleanliness acc. to EN ISO 8501-1 

Surface tension measurement of the substrate using test inks 
 The test ink is applied by brush onto the substrate. If the line of ink will remain "unchanged" on surface 

of the material for about 2 seconds, then the surface is suitable for application of the coating system. 
For example if the drops were not formed. The surface suitable for application of the coating has a value 
of surface tension in the range from 35 to 40 mN·m-1. The larger value of surface tension means the 
rigorous measurement. For this particular measurement the test ink with a value 38 mN·m-1 was used. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1395 

Surface roughness measurement acc. to EN ISO 4287, where was used a measuring equipment Mitutoyo 
Surftest SJ-301. 

Microhardness measurement and metallography 
 Microhardness was determined by the Vickers method. Microhardness tester with a diamond pyramid 

indenter with the apex angle of 136° was used for this measurement. Load force was 100 g (HV0.1). 

3. METODOLOGY SURFACE ANALYSIS 

3.1. Visual assessment of surface cleanliness 

Surface preparation grades of abrasive-blast cleaning surface are divided into four categories: Sa1, Sa2, 
Sa2½, Sa3. Corrosion protection of steel structures by using coatings recommends a minimum degree of 
surface preparation grade Sa2½. Results of visual assessment of surface cleanliness are shown in Table 1. 

Table 1 Visual assessment of surface cleanliness 

Sample S1 S2 S3 S4 

Surface preparation grade Sa3 Sa3 Sa3 Sa3 

Surface preparation grade Sa2½ means: very thorough blast-cleaning - when viewed without magnification, 
the surface shall be free from visible oil, grease and dirt, and form mill scale, rust, paint coatings and foreign 
matter. Any remaining traces of contamination shall show only as slight stains in the form of spots or stripes. 

Surface preparation grade Sa3 means: blast-cleaning to visually clean steel - when viewed without 
magnification, the surface shall be free from visible oil, grease and dirt, and shall be free from mill scale, rust, 
paint coatings and foreign matter. It shall have a uniform metallic color. 

3.2. Surface tension measurement of the substrate using test inks 

Table 2 Surface tension measurement - test ink 38 mN·m-1 

Sample Result Photographs 

S0 Surface unsuitable for coating application  

S1 Surface suitable for coating application  

S2 
Surface suitable for coating application  

S3 
Surface suitable for coating application   

S4 
Surface suitable for coating application  

Note: S0 - initial state of sample 

3.3. Surface roughness measurement 

For surface roughness measurement was used an equipment Mitutoyo Surftest SJ-301. It was necessary to 
set measurement conditions before measuring. The measurement conditions are shown in Table 3. The 
results of surface roughness measurement are shown in Table 4 and Figure 1. 
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Table 3 Surface roughness measurement conditions 

Sample Standard measurement of equipment C (mm) L (mm) 

S0 

ISO 1997 

0.8 4.0 

S1 

2.5 12.5 
S2 

S3 

S4 

C = filter defining interfaces between the components of roughness and waviness; L = measuring distance. 

Table 4 Results of surface roughness measurement 

Sample Ra (m) Rz (m) 

S0 0.36 2.60 

S1 5.39 33.71 

S2 4.94 31.58 

S3 4.39 28.15 

S4 6.38 39.05 

 
Figure 1 Results of surface roughness measurement 

3.4. Analysis of residual stress by magnetoelastic method 

Surface pre-treatment technologies significantly affect the stress state in material's surface layers. In order to 
analyse residual stresses, we used the magnetoelastic method based on the analysis of Barkhausen noise, 
which enables to non-invasively characterise the surface of ferromagnetic materials [4]; [5], [6]. The 
relationship between Barkhausen noise and residual stress is depicted in Figure 2. With respect to the shape 
of the analysed sample, we conducted an analysis of residual stresses in the cylindrical part of the semi-
finished product outside the weld in a single line in five points 10 mm from each other in the direction of principal 
residual stresses - see Figure 3. The resulting MBN (Magnetic Barkhausen Noise) value is the average of 
values obtained from measurement in the given five points. Figure 4 shows the MBN values, which show 
tensile stress on the surface of components prior to abrasive blast-cleaning. The boundary of the transition 
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from tensile stress to pressure stress is, in the given material and with given parameters of measurement, the 
value of MBN = 450. Higher residual stress values are in the longitudinal rather than transverse direction, 
which corresponds to the production method of the semi-finished product [6]. The blasting itself brings 
compression stress into surface layers in all cases of the used medium [7]; [8]. Blasting leads to a significant 
compensation of residual stress values in both directions of principal residual stress [9]; [10]. Slightly higher 
values were found in the transverse direction due to the direction of blasting medium. The highest residual 
stress values were detected with sample S3, where stainless steel blasting medium with the lowest hardness 
was used. 

 

 

 

 

 

 

 

 

 

 

3.5. Microhardness measurement and metallography 

Influence of abrasive blast-cleaning to material properties - microhardness and metallography, was evaluated 
in four areas of cross-section: weld joint - the surface layer, weld joint - half the thickness of the material, the 
surface layer of the base material, base material - half the thickness of the material. The purpose of the 
measurement was to evaluate the change in microhardness of the surface layer and half the thickness of the 
pressure vessel material after abrasive blast-cleaning. Results of microhardness measurement are shown in 
Figure 5. 

Figure 2 Barkhausen noise responses to tensile 
and compressive stress [4] 

 

     Figure 3 Residual stress analysis location 

Figure 4 Average value MBN samples 
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Figure 5 Results of microhardness measurement 

Metallography of all samples was carried out on optical microscope NEOPHOT 2 (VŠB - Technical University 
Ostrava, Faculty of mechanical engineering, Department of mechanical technology). Influence of abrasive 
blast-cleaning to microstructure the surface layer of base material is showed in Figure 6. 

 
Figure 6 Metallography - surface layer of base material: A) sample without surface preparation-S0; B) 

sample S1; C) sample S2; D) sample S3; E) sample S4 

4. CONCLUSION 

The paper provides a complex analysis of surface after abrasive blast-cleaning of the substrate and prior final 
surface treatment. The analysis of individual surfaces included, for instance: the assessment of purity of a 
surface according to EN ISO 8501-1, measurement of surface stress in the base material using test inks, a 
metallographic analysis, assessment of surface asperity, assessment of microhardness and the analysis of 
residual stress using the magnetoelastic method. Based on the analyses conducted, it is possible to 
unequivocally set optimal parameters and the medium for surface blasting before creating protective coating. 
The optimal values of the blasted surface were achieved by using the medium: sharp-edged steel grit G18-
everage hardness 59 HRC, grain size: 0.71-1.18 mm. The properties of an ideal surface for anchoring final 
layers are a compromise between the values of residual stress, hardness, surface rough and surface purity. 
The application of the magnetoelastic method enables to operatively evaluate the course of blasting process 
in a non-destructive way. The results obtained are in concordance with traditional methods of surface 
evaluation. 

A B C D 

E 

mill scale 
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Abstract 

Wire electrical discharge machining (WEDM) belongs to the advanced technology widely used in the 
engineering industry. In WEDM process material is removed from workpiece by series of electrical sparks. The 
article studies the interactions between process parameters and the final quality of the generated surface (for 
steel 1.2201). The influence of WEDM parameters: initial current Iw (A), initial pulse time tw (µs), discharge 
duration ton (µs), on the surface roughness were experimentally evaluated. The obtained results show that 
surface roughness Ra after WEDM process for the first cut is the range between 1.9 - 2.5 µm. The primary 
factor in determining the treatment process is the energy of electrical discharge. The effect of the WEDM 
parameters on the functional parameters of surface roughness: Sk - roughness of the core, Spk roughness of 
the peak, Svk - roughness of the valleys are also presented and discussed. 

Keywords: Wire Electrical Discharge Machining, surface texture  

1. INTRODUCTION  

Wire electrical discharge machining (WEDM) is a kind of thermal machining process, which allows the shaping 
of complex parts especially of hard difficult to machining materials. In the WEDM process, the working 
electrode is a thin wire with a diameter of 0.02 - 0.5 mm, usually made of brass. The physics of the erosion 
phenomenon is complex. In the wire electrical discharge process, the material is removed from the workpiece 
as a result of electrical discharges between the work electrode and the surface of the workpiece. Removal 
mechanism of the material in WEDM is mainly the result of the electrical discharge which causes melting and 
evaporation in local surface layers of both the workpiece and the working electrode. The heat also causes 
evaporation of the dielectric liquid and induces high pressure waves which removed the molten and/or 
vaporized metal. In place of discharge crater is formed, part of the melted metal "thrown" to electrode gap and 
removed together with the flowing dielectricn [11]. During machining, there are hundreds of electrical 
discharges that form the characteristic surface texture formed by overlapping craters from individual 
discharges. Surface texture proporties is one of the most important factors determining its ability to: abrasion 
resistance, hardness, corrosion resistance, resistance to thermal shocks, coating quality and more [1, 2, 4, 20, 
21, 23].  

The basic parameters and machining conditions determining the physical phenomena occurring in the WEDM 
process are: electrical parameters (pulse on time, pulse off time, current, voltage, pre-impulse time), 
parameters related to the working electrode (wire tension, wire speed, material of electrode, electrode 
diameter), parameters related to the dielectric (degree of ionization, volume flow, type of dielectric) and 
workpiece (type and height of the material) [6, 7, 14, 16, 19]. The published results of the WEDM are 
concentration to: optimization of cutting parameters [3, 10, 17, 18, 22], discribed of the surface layer [5, 8, 9, 
13], control and monitoring process stability [12, 14]. However, analysis of surface texture parameters related 
to functional parameters of surface roughness are not enough described. Therefore in this paper present 
experimental investigation of the influence of electrical process parameters (initial current Iw (A), initial pulse 
time tw (µs), discharge duration ton (µs)) on the texture of the workpiece. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1401 

2. EXPERIMENTAL WORK 

2.1. Experimental details 

The workpiece material used in the present investigation is steel 1.2201 heat treated to a hardness of 62 HRC. 
The steel is characterized by high abrasion resistance and a small deformation during hardening. Steel 1.2201 
is used in the production of tools for machining, plastic processing (punches, dies), for the production of molds 
for injection, sheet metal cutting knives, measuring tools. The study was conducted on ROBOFIL 190 of 
Charmilles. The working electrode was a brass wire with a diameter of 0.25 mm. Dielectric (deionized and 
demineralized water) was given into the gap between electrode from the upper and lower nozzle. The samples 
were prepared in one clamping block of material. 15 sections were cut with dimensions of 10 x 10 mm, with a 
height of 100 mm. Investigated process parameters was discharge duration in range ton = 1.4 - 1.8 (µs), initial 
current in range Iw = 4 - 12 (A), initial pulse time tw = 0.2 - 0.6 (µs). The rest of parameters of WEDM were hold 
constants: voltage discharge U = 25 (V), wire speed Vd = 10 m·min-1, volume flow of the dielectric Qv = 54 l·min-

1, wire tension force Fn = 1.4 daN.  

In investigated WEDM machine increasing discharge duration ton cause increase of the discharge current. The 
electrical discharge is generated in two stages, a pre-pulse is generated in the first phase (initial current Iw and 
initial pulse time tw), its function is to properly prepare the conditions in the gap. Second phase is appropriate 
discharge impulse wich causing erosion of material. Between the pulses there is an interval of adjustable 
duration toff, where the plasma channel closes, the partial removal of the treatment products and the cooling 
of the electrodes. The impulse energy affects the cutting speed as well as the state of the surface texture. The 
discharge energy can be controlled using the parameters described above. This energy must be selected in 
such a way that it does not cause the wire break. 

2.2. Measuring surface texture 

Roughness of cut samples were measured using the Taylor-Hobson FORM TALYSURF Series 2 scan 
profilometer. For each sample, area 2 x 4 mm was measured. The X-axis and Y-axis discretization step was 
10 μm. To characterize the surface texture after WEDM processs following 3D parameters surface roughness 
was discribed: 
 arithmetic mean of the deviations from the mean Sa - average value of the absolute heights over the 

entire surface. It may be obtained by adding individual height values without regard to sign and dividing 
the sum by the number of the data matrix, where M is a number of points per profile, N the number of 
profile and zx,y the height of the profile at a specific point. 

                                                                                                        (1) 

 density of tops Sds - number of summits of a unit sampling area, which relies on the eight nearest 
neighbour summit definition, peak is defined if it is higher than its eight nearest neighbours: 

                                                                                                        (2) 

 high of the surface St - total height of the surface 
 height of 10 points of the surface Sz - mean of the distance between the 5 highest peaks and the 5 

deeps holes.  
 symetry of the distribution curve of depths Ssk - a negative Ssk indcattes that the surface is composed 

with principally one plateau and deep and fine valleys. In this case the distribution is sloping to the top. 
A positive Ssk indicates a surface with lot of peakes on the plane. The distributions is sloping to the 
bootom. 
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3. RESULTS AND DISCUSSION 

3.1. Properties of surface texture after WEDM 

The surface texture after wire electrical discharge machining has an isotropic nature. Surface roughness is 
generated by overlapping traces (craters) of individual electrical discharges. The crater shapes defines the 
obtained topography of manufacturing parts. The surface texture after WEDM (Figure 1) is random with high 
surface density of tops Sds = 1758 pks / mm2, roughness Sa = 2.52 µm. 

 
Figure 1 Surface texture after WEDM process for parameters: discharge duration ton = 1.8 μs, initial current 

Iw = 8 A, initial pulse time tw  = 4 μs 

Depending on the energy supplied; the individual parameters of the surface geometry are changed. The 
randomness of the structure is due to the rapidly disappearing autocorrelation function Sal = 0.0508 mm 
(Figure 2a). The structure is characterized by a positive Ssk = 0.344, which indicates a surface with lot of 
peaks on the plane. The distribution of ordinates is normal (Figure 2b) - the structure is characterized by 
unfavorable bearing capacity of surface. The difference between the St = 26.3 µm and Sz = 25.4 µm 
parameters is small; the share of random vertices and indentations is negligibly small, which indicates the 
stability of discharges. 

a)                                                                                                 
b) 

   
Figure 2 3D autocorrelation function (a) and distribution of ordinate (b) 
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One of the basic parameters to evaluate the tribological properties of a surface is the bearing capacity curve, 
which describes the cross-sectional area unevenness (Figure 3). For the test sample, the bearing surface on 
the average plane is 47.5 %. The value of the roughness of peaks is Spk = 3.69 μm. This parameter can 
provide the basis for assessing the surface resistance to abrasion. The roughness of core Sk is a measure of 
the effective depth of inequality and is 7.94 μm. The roughness of valleys Svk (reduced depth of the cavities) 
describes the ability to maintain fluid through the sliding surfaces and is 2.42 μm. Percentage contribution of 
vertices is described by the parameter Sr1 (upper bearing of surface) and is 11.6 % and percentage 
contribution of the recesses is described by the parameter Sr2 (lower bearing of surface) is 92.2 %. 

 
Figure 3 Abbott - Firestone curve for WEDM parameters discharge duration ton = 1.8 μs, initial current 

Iw = 8 A, initial pulse time tw = 4 μs 

3.2. Influence of WEDM process parameter on surface roughness  

Experimental investigation of influence WEDM process parameters: discharge duration ton, initial current Iw, 
initial pulse time tw on roughness Ra was conducted. Parameters of roughness Ra (Figure 4) are mainly 
dependent on the time pulse ton, and therefore depend on the value of the electrical discharge energy (the 
increase of the ton is combined with the increase of the discharge current Ic). The values of the basic roughness 
parameter of the profile are contained within the limits Ra = 1.92 ÷ 2.52 μm, thus corresponding to the 
roughness theoretical values for finishing and rough finishing obtained in one pass of the working electrode 
after the programmed path. 

 
Figure 4 The dependence of surface roughness Ra from discharge duration ton at constant initial 
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The basic parameters characterizing the process of electrical erosion is the energy supplied to the electrodes. 
The pre-pulse discharge energy (initial curent Iw and its time tw) does not significantly affect changes in height 
parameters of the roughness (Figure 5a, b). Results of experimental investigation shows that initial curent Iw 
and its time tw have influence only for discharge stability. These two parameters responsible for the proper 
preparation conditions in the gap for the main discharge. 

a)                                                                         b)  

    
Figure 5 The dependence of surface roughness Ra from (a) initial current Iw at constant discharge duration 

ton = 1.6 μs, initial pulse time tw = 4 μs, (b) initial pulse time tw at constant discharge 
duration ton = 1.6 μs, initial current Iw = 8 A 

4. CONCLUSION 

One of the basic factors determining the use of wire electrical discharge machining in manufacturing parts is 
a properties of the surface texture. Surface roughness is generated by overlapping traces of individual 
electrical discharges. The surface texture after WEDM is isotropic with a high density of tops, with lot of peaks 
on the plane. The distribution of ordinates is normal the structure is characterized by unfavourable bearing 
capacity of surface. Experimental investigation of influence WEDM process parameters shows that discharge 
duration ton has significant influence on the value of roughness Ra. Discharge duration, is a parameter that 
simultaneously determines the current of the discharge. As the pulse on time increases, the current also 
increases. This cause rise of discharge energy and consistently leads to generate high roughness surface. 
Initial current Iw and initial pulse time tw, do not have significant influence for surface texture parameters.  
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Abstract  

We propose a new effective method to keep the catalyst nanoparticles on the surface of bulk stainless steel 
304 (SS304) to grow carbon nanotubes (CNTs). This method consists on the creation of a buffer layer of 
nitrided stainless steel and a top barrier layer of aluminium nitride (AlN). For that, we have followed two steps. 
A first step consists on a DC-pulsed reactive sputtering process from SS304 target and a second step of 
reactive sputtering from aluminium target. Stainless steel nitrided layer (G-SS304) was produced by increasing 
the nitrogen concentration in the Ar atmosphere in order to obtain a gradient buffer layer on SS304. On the 
other hand, the AlN layer was produced by a fixed nitrogen concentration in the argon atmosphere. The 
catalyst nanoparticles were performed on top of the multilayer system after the deposition of an ultrathin Fe 
layer, which transforms in a monolayer of isolated Fe nanoparticles acting as catalyst during CNTs growth. 
The aim of this study is to present an alternative methodology for producing CNTs grown on stainless steel. 
We used different temperatures to obtain CNTs: 680, 700, 715 and 730 °C. Scanning electron microscope 
(SEM) images showed the influence of temperature over the performance of this new configuration. Raman 
characterization provided structural information about the CNTs. One of the applications of this method is the 
production of high specific surface electrodes based on stainless steel for electrochemical devices. 

Keywords: Gradient stainless steel, buffer layer, aluminium nitride, carbon nanotubes 

1. INTRODUCTION 

Nowadays, stainless steel is one of the metallic alloys with a major variety of applications in different productive 
and research fields. The main applications are in the fields like petrochemical, transport, food, conductors, 
storage and energy [1-6]. The surface modification of this versatile material has different purposes, such as 
increase of corrosion resistance and hardness, reducing wear rates [1,2], controlling the wettability behavior 
[3] and allowing the growth of nanostructures [4-5]. Physical, chemical, mechanical and thermal processes 
have been used for tuning its surface properties. Modern trends of surface modification include a plasma-
based surface treatment. One of the most widespread technologies used in the industry is the magnetron 
sputtering. It allows the deposition of a great variety of metallic, non-metallic, alloys and compounds. Some 
researchers have studied mechanical coatings of stainless steel deposited by this technique [6-10]. In 
particular, Saker et al. [6] found high nitrogen supersaturation of austenite in the stainless-steel layers obtained 
by sputtering, which presented a rather low compressive stress and a high value of micro hardness. Surface 
modification allows interesting uses of stainless steel, for example as a substrate to grow nanostructures or 
even to act as a diffusion barrier. Romero et al. [5] modified the native chromium oxide of stainless steel to 
grow carbon nanotubes (CNTs). In this case, the oxidized layer acted as a diffusion barrier. The rich phases 
of iron, nickel and chromium on the surface acts as a catalyst to obtain CNTs although there is a considerable 
amount of amorphous carbon. Other alternatives permit to obtain CNTs forest on stainless steel with low 
percentage of amorphous carbon, as an example, using a buffer layer along with a diffusion barrier [4]. These 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1407 

diffusion barriers are usually based on thin layers of Al2O3, TiN, TiO2, AlN, avoid the diffusion of catalyst inside 
of bulk stainless steel. In order to circumvent the effects of thermal stress an effective buffer layer can be used. 
Thus, pure Al, Ti, Cr, Ni buffer monolayers and multilayers avoid the formation of cracks in the diffusion barrier 
surface during thermal process in order to prevent the contamination of catalyst particles [11,12]. The 
synthetized process of CNTs directly on this conductive substrate, instead of the conventionally silicon wafer, 
improves the device performance, makes unnecessary the transfer step of CNTs, prevents the use of any 
additional material that may increase the total mass of the electrode, and offers a lower contact resistance that 
improves the electron/thermal transport properties [13].  

The aim of this study is to present an alternative methodology for producing CNTs grown on stainless steel in 
a simplified way to obtain similar or better results than the described above. This new methodology is based 
in a direct and gradual nitruration of the buffer layer deposited by reactive sputtering from a stainless-steel 
target. This gradient nitrided buffer layer has no abrupt interfaces with the bulk material. We have evaluated 
the efficiency of the gradient stainless steel 304 (G-SS304) buffer layer deposited on bulk stainless steel 
304 (SS304) combined with a thin layer of aluminium nitride (AlN) acting as a barrier to avoid the dissolution 
of Fe into the SS304 substrate. For this study, high purity iron nanoparticles have been used as a catalyst 
material. Different temperatures were used to obtain forest of CNTs. The morphology and the quality of the 
system CNTs/AlN/G-SS304/SS304 were studied using Scanning Electron Microscope (SEM) and Raman 
spectroscopy. 

2. EXPERIMENTAL PROCEDURE 

2.1. Preparation of substrate surface SS304 and deposition process of G-SS304/AlN films 

AlN/G-SS304 coatings were deposited on SS304 substrate foil of 0.1 mm thickness. Before deposition, the 
substrates were cleaned with acetone and isopropanol in an ultrasonic bath for 10 minutes, respectively. The 
diffusion barrier system (AlN/G-SS304) was deposited using a multifunctional reactor that combines plasma 
enhanced chemical vapor deposition (PECVD) and magnetron sputtering. A SS304 substrate foil of 0.1 mm 
thickness and 9 cm2 of area was fixed on the substrate holder, 8 cm away in front of the sputtering header and 
cleaned using Ar plasma to etch the native oxide film. Figure 1 shows the configuration of the system that we 
used. The diffusion barrier was deposited by two steps. Firstly, a gradient layer of nitrided steel (G-SS304) 
was deposited on bulk SS304 substrate by DC-pulsed sputter process (50 W, 100 kHz, duty-cycle 2016 ns) 
using a SS304 target. The sputtering process started with 20 sccm Ar flowing during 600 s. Progressively, N2 
was introduced and Ar was reduced during 100 s until reaching 3/17 sccm flow of N2/Ar. This regime was kept 
during 500 s. During 100 s, the N2/Ar flow was changed again until reaching 7/13 sccm then it was kept during 
500 s. The deposition process was carried out at 1 Pa of total pressure and at room temperature. Secondly, a 
10 nm aluminum nitride (AlN) thin layer was deposited on top of the nitrided steel gradient layer using 
DC-pulsed sputtering (120 W, 100 kHz, duty-cycle 2016 ns) with an Al target with 20/30 sccm N2/Ar flowing 
and 3 Pa of total pressure at room temperature. 

2.2. Nucleation and carbon nanotubes growth  

The substrate, with the diffusion barrier system, was transferred to a CNTs reactor. In this reactor, a 2.5 nm 
layer of catalyst material was deposited on this substrate using RF sputtering process from a high purity Fe 
target (3 inches of diameter) using Ar. The technological parameters for iron layer were: 2 Pa of Ar (flow rate 
128 sccm) and 50 W of RF power (13.56 MHz). Then, the sample was placed under a heating element in order 
to anneal the catalyst layer and grow the CNTs.  

The CNTs growth process was carried out by two steps: (a) annealing during 870 s (750 s ramp time and 
120 s hold time) under H2 (100 sccm, 200 Pa), hold time is necessary to allow the formation of iron 
nanoparticles and (b) during 30 s, H2 was purged and the NH3 was introduced (100 sccm, 80 Pa). Then, 
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plasma (50 W of RF power) was ignited and 100 sccm of the gas precursor (C2H2) was introduced [13,14]. 
The total pressure of the gas mixture was set pointed to 100 Pa. The CNTs growth was carried out for a total 
time of 900 s. We used different annealing temperatures to obtain CNTs: 680, 700, 715 and 730 °C.  

 

Figure 1 Transversal section of the gradient stainless steel buffer layer supporting the aluminium nitride 
layer, the catalyst Fe nanoparticles and the CNTs. a) before annealing process, b) after annealing process 

and c) with CNTs forest 

2.3. Characterization techniques  

The morphology of the samples was determined by scanning electron microscopy (SEM) (Jeol JSM-6510), 
equipped with an energy dispersive X-ray (EDX) detector. The Raman spectroscopy (HORIBA LabRam 
HR800, Japan) provided the effect of the growth temperature on the quality of CNTs. A green laser of 532 nm 
wavelength and 0.5 mW power using a 100 objective were used during the measurements. 

3. RESULTS AND DISCUSSION  

3.1. Deposition rate of AlN and G-SS304 

To determine the deposition rate, we used a glass substrate and profilometry measurements using a KLA 
Tencor, D-120. Table 1 contains the list of the deposition rate values of each layer. For AlN layer the deposition 
rate was 0.03 nm·s-1. Using a Box-Wilson experimental design, we found that the a N2/Ar flow ratio of 20 / 
30 sccm allows us to obtain a uniform AlN layer that acts as an effective diffusion barrier for Fe nanoislands. 
AlN is a low-cost alternative to support catalyst materials [15].  

The measured values of the deposition rate of G-SS304 layers decreases with the increase of the N2/Ar flow 
ratio. This change can be explained by the loss of efficiency associated to the decrease of Ar concentration 
during the sputtering process. In addition, when the N2 percentage increases, it induces continued poisoning 
of the target [10].  

Table 1 Deposition rate for AlN and G-SS304 

Layer Flow ratio N2/Ar (sccm) Deposition rate (nm·s-1) 

Aluminium nitride  20 / 30 0.03 

 

G-SS304 

7 / 13 0.10 

3 / 17 0.11 

0 / 20 0.13 
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Figure 2 SEM images of Fe nanoislands and CNTs forest obtained at different temperatures. a, b, c and  
d correspond of top view of Fe nanoislands on AlN/G-SS304/Si wafer. a`, b`, c` and d` show the top view  

of CNTs on AlN/G-SS304/SS304. a``, b``, c`` and d`` show the tilted view of CNTs on AlN/G-SS304/SS304 

3.2. Morphological characterization 

In order to study the nucleation of catalyst on AlN/G-SS304, Si wafers were used as a substrate. Polished Si 
wafers were used instead of stainless steel because it is difficult to observe the nanoislands on SS304 with a 
roughness of tens of microns. SEM images (Figures 2a, 2b, 2c and 2d) show a uniform distribution of 
nanoislands. Using ImageJ software, the density for different temperatures was determined. The obtained 
values are 1.67 x 109, 1.33 x 109, 1.27 x 109 and 1.08 x 109 nanoislands/mm2 for 680, 700, 715 and 730 ºC, 
respectively. The density decreases when the annealing temperature increases. Also, the average of diameter 
increases from 12 to 20 nm at high temperatures. This is because the particles of Fe at high temperatures 
start the coalescence [16]. Additionally, there were cracks on these samples, which were produced during the 
annealing process due to the difference between the thermal expansion coefficient of Si and AlN/G-SS304 
layer. The densities of CNTs on SS304 foil (Figures 2a`, 2b`, 2c` and 2d`) are lower than the value obtained 
for Fe particles. The kinetic processes that occur in each system (Fe/AlN/G-SS304/Si wafer and Fe/AlN/G-
SS304/SS304 foil) are different [11]. In a future work, we will study the diffusion processes that occur in these 
systems to optimize the thickness of each layer. The most homogeneous forest of CNTs was obtained at 
680 °C (Figures2a`, 2a``). The average length of CNTs is 500 nm. Additionally, the diameter was between 
20-25 nm. At 730 °C (Figures 2d`, 2d``) the CNTs forest shows a random morphology with diameters ranging 
from 30 to 70 nm and lengths between 600-1000 nm. The CNTs obtained at 730 ºC are longer than the others 
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CNTs obtained at lower temperatures. However, the high temperature produces coalescence of catalyst 
nanoislands. The average diameter of these particles is bigger than the particles obtained at 680 ºC. Also, 
Figures 2b` and 2b`` show a mixed forest of CNTs. High percentage of these CNTs are similar to the CNTs 
obtained at 680 ºC. Figures 2c` and 2c`` also show a mixed forest of CNTs. Nevertheless, a low percentage 
of these CNTs obtained are similar to those obtained at 680 ºC. This sequence of images shows the strong 
influence of temperature during carbon nanotube growth. Grüneis et al. demonstrate that the growth rate of 
CNTs at eutectic temperature (Fe-C phase diagram for thin films) is higher in comparison with other 
temperatures [17]. For thin films of iron the eutectic temperature is around 732 ºC [18].   

3.3. Raman spectroscopy 

Raman Spectroscopy (Figure 3) can be used to evaluate the quality of the CNTs by studying the different 
modes of the spectrum such as D band (1330-1360 cm-1) which is related to the structure disorder due to the 
presence of amorphous carbon, G band (1550-1600 cm-1) related to the tangential vibration of the carbon 
atoms. The ratio between D and G bands intensities ID / IG evaluates the defects extension within CNTs and it 
increases as defects increase [13, 19, 20]. This ratio was quite similar for the four samples which means that 
the temperature change does not affect strongly on the number of defects. 

 
Figure 3 Raman spectrum of CNTs samples 

4. CONCLUSION 

The thermal stability of AlN/G-SS304 at high annealing temperatures was successful. The G-SS304 acts as a 
buffer layer between AlN and SS304 foil. Hence, this nitrided layer allows the formation of iron nanoislands on 
AlN layers and consequently the growth of CNTs. The coalescence phenomenon and the eutectic temperature 
are important aspects which must be considered to control the morphology of CNTs. However, the use of 
different growth temperatures does not affect strongly on the number of defects of CNTs. This alternative 
methodology represents for us a simplified way of obtaining CNTs on stainless steel. We have reduced the 
time to obtain these nanostructures because we use less targets to obtain an efficient multilayer system for 
the growth of CNTs. 
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Abstract 

The paper describes a non-parametric approach to the statistical analysis performed on data obtained during 
investigation on the airfoil blade traces. This approach releases us from limits of many conditions. Typical 
statistical analysis of data, with factorial (qualitative) control approach, bases on many theoretical assumptions, 
with the most important and the most influential one: the normality of random noises distributions (usually 
named ‘errors’). The solution is the bootstrap approach, originally proposed by Efron in 1979, later in 1995 
described in details by Shao and Tu. The bootstrap is formally the method based on random resampling with 
replacement from the source dataset. It allows to identify the whole distribution shape of raw data and related 
confidence intervals without additional assumptions about particular distribution. The paper presents the 
practical case: the factorial approach performed for the fixed-effect analysis of the relation between secondary 
dendrite arm spacing and carbides for the airfoil blade traces. The paper contains notes on encountered 
difficulties and possible guidelines for similar analysis. 

Keywords: Uncertainty, non-parametric approach, SDAS, carbide, superalloy 

1. INTRODUCTION 

Experiments may be conducted and analyzed in two general manners [1, 2]:  

 in the passive mode, when the experimenter is only an observer noting values (if observed variables 
are quantitative) or labels (if observed variables are qualitative) describing the state of the investigated 
object or process; in such experiment the cause-and-effect relationships may be unknown [3], 

 in the active mode (usually known as designed experiment), when the experimenter actively changes 
settings of the investigated object or process e.g. [4], typically according to a previously prepared plan 
named experimental design; in such experiment the cause-and-effect relationship need to be known 
before the experiment is conducted [3, 5]. 

The industrial practice focuses only on the second kind of experiments i.e. on the designed experiments [6]. 
The designed experiments were known in 19th century however the process of their construction and analysis 
were not formalized. The first scientist who prepared designed experiments and their analysis based on strict 
mathematical formulas was R.A. Fisher. His concept, known as “latin squares” [7], was derived from the 
analysis of variance (ANOVA) procedure [8]. Later, his idea was developed into factorial designs by Yates [9], 
response surface methodology by Box [10] and finally formalized by Kiefer and Wolfowitz [11]. The formal 
mathematical model [12] founding the core of such domain known as ‘design of experiments’ includes the 
specific random term describing ‘noise factors’. The noise factors are the surrogate name for all uncontrolled 
environmental disturbances. The well-known parametric analysis assumes that the joined effect of noise 
factors is described by the normal distribution with the mean of zero value and the unknown variance [6, 13] 
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i.e. N(0,). The rest of the analysis procedure bases on this assumption and leads to the t Student distribution 
as a shape describing probabilistic uncertainty of the obtained results [6, 13]. 

Practical observations, especially well-known box-plots, lead to the conclusion that such assumption is often 
weakly satisfied [14, 15] and as the result one cannot be sure about t Student distribution as a shape of results 
uncertainty distribution and bounds of confidence intervals [16-19]. The solution of such problem are analytical 
procedures weakly related to the specific probabilistic distribution. They are known under common name ‘non-
parametric methods’. This set of methods includes among others solutions based on ranks e.g. Kruskal-Wallis 
ANOVA [20], solutions based on re-sampling e.g. Efron’s bootstrap [21] or the specific solution based on 
Wilkes’s theorem i.e. Owen’s empirical likelihood ratio [22, 23]. However both solutions, Efron’s and Owen’s 
base on an intensive numerical computations but Efron’s solution is easy to implementation while Owen’s 
rather not. The non-parametric methods are especially useful for the fuzzy approach [24, 25] which is very 
suitable for vague data, uncertain data or incomplete datasets [26, 27]. 

The following sections will discuss and apply the bootstrap method to analyze the influence of the trace location 
onto the SDAS measurement. 

2. MATERIALS 

Nickel-based superalloys are used mainly in turbines and produced in an investment casting process useful 
to obtain complex shape geometry. Studies were performed on the IN 713C superalloy [28]. Castings were 
cut off and the cross-sections were prepared as metallographic samples with the etched surface. The 
microstructural investigations of the cross-sections were conducted on Hitachi S-4200 SEM (Figure 1).  

 

Figure 1 The carbides detected in the selected image of a cross-section 

Next, microphotographs were analyzed by image analysis methods [29] (Met-Ilo program) to estimate 
quantitatively parameters describing (+ ’) eutectic islands occurred in the superalloy. Six different traces 
were analyzed resulting in the dataset of 6 groups [30] with 31, 49, 80, 75, 64 and 61 values, respectively. The 
dataset contained secondary dendrite arm spacing (SDAS). The obtained raw data were compared to find if 
the different location of traces differentiate the measurement of SDAS. 
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3. METHODS 

3.1. Boostrap approach 

The bootstrap method, described in details by Shao and Tu [31], bases on processing of the dataset iteratively 
re-sampled from the original raw dataset. The idea of the method is presented in Figure 2. 

 

Figure 2 The scheme of the bootstrap method based on residuals 

The key issue in the bootstrap is to make a proper identification of the random term built into the analyzed 
process. The main assumption of the bootstrap is focused on this term: its realizations should be independent 
and identically distributed (acronym i.i.d). In the passive experiment, the realization of the term is a whole 
measurement. In the active experiment, where a model is built according to the assumed cause-and-effect 
relationship, usually an error of the model (difference between prediction and measurement) is treated as a 
realization of i.i.d term. 

It leads to the following algorithm: process a raw dataset, identify parameter of an assumed model, evaluates 
its errors and next iteratively randomly draw new errors dataset from the original errors dataset, add them to 
original predictions generating bootstrapped predictions, identify the bootstrapped model and process it further 
collecting obtained results. After a large number of iterations, collected results may be evaluated by statistical 
methods resulting in a whole distribution instead of the one number as in classic approach. 

3.2. Predictive model 

The predictive model was selected as a fixed-effects model with one factor. The model is constructed from 
some additive terms: average response μ and vector of main (linear) effect dependent on the single factor 
(trace id).  
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The model has the following formula: 

  (1) 

where: 

yi - measured eutectic area for i-th trace, 

 - average measurement, 

Ai - main (linear) effect of trace id, 

i - enumerator of a investigated traces (6 pieces). 

4. RESULTS AND DISCUSSION 

The analysis of the raw dataset led to the following base model: 

  (2) 

Its main effect plot is presented in Figure 3. 

 

Figure 3 The main effects plot revealing the strong influence of a trace location on measured SDAS 

The bootstrap was performed for 10000 iterations, because such a number allows easy identification of bounds 
for 95 % confidence interval (located at 250 and 9750 positions inside sorted dataset columns). The yielded 
statistics for the model constant and effects are presented in Table 1 simultaneously with values obtained from 
classic parametric analysis. As one can see, the bootstrap gives values unavailable in classic approach i.e. 
bounds of the confidence interval for T6 effect. 
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Tests of the normality were rejected for all effects T1…T6. Only constant was not rejected however at very low 
p-Value = 0.06. It reveal that classic assumption of normality is not satisfied and bootstrap based results and 
more reliable in this context. The confidence interval bounds for all effects have different signs i.e. zero value 
is located inside confidence intervals. It may be interpreted as the statistical non-significance for all effects. It 
means that location of traces has no significance influence on measured values of SDAS. 

Table 1 Descriptive statistics of the model constant and effects obtained from the bootstrap simulation 

Model term 
Mean -95 % CI +95 % CI 

classic bootstrap classic bootstrap classic bootstrap 

constant 26.13 26.14 22.67 22.82 29.60 29.73 

T1 8.32 8.30 -1.49 -0.81 18.13 18.64 

T2 -4.18 -4.14 -12.26 -11.55 3.90 4.26 

T3 -2.15 -2.18 -8.83 -8.55 4.53 4.65 

T4 0.72 0.75 -6.12 -5.80 7.56 7.73 

T5 -1.04 -1.00 -8.30 -7.93 6.23 6.69 

T6 -1.67 -1.72 - -5.88 - 8.87 

5. CONCLUSIONS 

1) The investigation revealed that the location of traces has no significance influence on measured values 
of SDAS. 

2) The bootstrap approach revealed that the normality assumption assumed in the classic approach is not 
satisfied in this data and cannot be set as a base for reliable statistical inference. 

3) The yielded values obtained from the bootstrap approach are consistent with means obtained from the 
classic approach however bounds of the confidence intervals differ even up to 46 %. 

4) Further analysis should concentrate on more subtle non-parametric analytical techniques like Owen’s 
empirical likelihood ratio [22] to obtain more accurate bounds and regions of confidence. 

5) Similar approach may be used in the other domains of materials science analysis where the normality 
assumptions is rather weakly met e.g. embedded systems [32], piezoelectric actuators [33-34], conical 
shells [35] and specific properties of designed materials [36-39]. 
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Abstract 

Plasma nitriding is a thermochemical treatment, widely used in many technical applications as a final operation 
to improve the mechanical, tribological and corrosion properties of steel. This paper is focused on plasma 
nitriding treatment of X12Cr13 martensitic stainless steel. For nitriding of martensitic stainless steel was two 
stage plasma nitriding proces performed. The nitrided X12Cr13 stainless steel was characterized by 
measuring depth profiles and residual stress. Measuring of residual stress was carried out by X-ray diffraction 
on the Stresstech Xstress 3000 G2R device. To identify critical areas in terms of surface integrity was used 
Barhausen noise analysis. The verification of material chemical composition was carried out by OES Oxford 
FOUNDRY-MASTER device. The objective was to verify the nature of the residual stress before and after 
thermochemical treatment. The depths of the plasma nitride layers were estimated using cross-sectional 
microhardness profiles measuring. Microhardness and surface hardness of plasma nitrided steel samples 
were significantly increased. The samples prior and post thermochemical treatment showed significant 
differences of residual stress, which may be caused by machining with blunt tool, what has a significant 
influence on the creation of plasma nitride layer as well. 

Keywords: Martensitic stainless steel, strain hardening, residual stresses, plasma nitriding 

1. INTRODUCTION 

The paper describes issues stainless steels machining in terms of chemical composition, physical and 
mechanical properties. This paper also deals with specification of stainless steels and corrosion resistant 
materials and cutting conditions. The issue of the machinability of stainless steels is in terms of their specific 
features interesting area. 

Martensitic stainless steels are designed for high hardness. Their useful operating temperature range is 
restricted by their loss of ductility at sub-zero temperatures and loss of strength by over-tempering at high 
temperatures. Compared to common austenitic steels, these steels are characterized by lower corrosion 
resistance. These stainless steels are resistant to fresh water, dry atmospheres, and mild alkalies and acids, 
but comparatively lower resistante than the equivalent non-free-machining grades. High Sulphur content 
in free machining grades is not suitable for marine or other chlorides containing environments. The hardened 
steel with a smooth surface is needed to achieve the maximum of corrosion resistance [1,2]. 

Increasing of strength and hardness of the material below the machined surface is known under the concept 
of strain hardening. The degree of strain hardening of metal layer is assessed by microhardness measuring. 
The greatest microhardness exhibits chips, braked application layer and deformed layer. On the machined 
surfaces has the highest hardness the subsurface layer. The process of forming chips during metalworking is 
composed of complex heterogeneous deformation and destructive processes. The current approaches 
to definition of the mechanism of chips formation during cutting are largely based on geometric models [3,4]. 

2. EXPERIMENTAL PART 

For experiment were designed two wheels with blades (see Figure 1). The half of individual blades was milled 
using blunt shank mill and half with was milled using shape shank mill under same cutting conditions. The 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1420 

diameter of the wheel was 230 mm with 18 blades. The material of wheel is martensitic stainless steel 
X12Cr13. The X12Cr13 stainless steel is in used for steam valves, pump shafts, bolts and miscellaneous parts 
production requiring corrosion resistance and moderate strength up to 500 °C. 

 
Figure 1 Experimental X12Cr13 stainless steel wheel with blades 

On the one of wheels was applied plasma nitiriding technology, this sample is denoted in the present paper 
as (PN sample), and second wheel was without plasma nitriding technology, this sample is denoted 
in the present paper as (NPN sample).  

The parameters of the plasma nitriding process were designed according to used component and selected 
martensitic stainless steel. The plasma nitriding process was performed using two stage nitriding procedures. 
After plasma cleaning procedure at 515 °C for 45 min the first stage nitriding procedure was performed 
at 520 °C for 16 hours and followed by second stage of nitriding procedure, which was performed at 525 °C 
for 4 hours. Plasma nitriding process was performed in RÜBIG PN 70/120 device. After plasma nitriding 
process the experimental wheels were cut into individual stator blades [5,6]. 

Determination of the chemical composition was performed on the Oxford FOUNDRY-MASTER optical 
emission spectrometer. The results represent the composition of the core in the cross-sectional and are shown 
in the Table 1 [7]. 

Table 1 Chemical composition of samples 

C Si Mn Cr Ni Mo P S 

(1.4006): EN 10088-2-2005 

0.08 - 
0.15 

max 1 max 1.5 11.5 - 13.5 max 0.75 
0.15 - 0.25 max 0.035 

max 0.035 

Chemical composition of NPN sample 

0.14 0.51 0.37 12.7 0.07 0.594 0.011 0.003 

Chemical composition of PN sample 

0.02 0.49 0.43 12.9 0.09 0.534 0.016 0.014 

For the PN sample, the lower carbon content is probably the result of technological decarburization. Deeper 
grinding before the diffractometric measurement was a threat to thermal influence. 
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Residual stress measurements were performed on a Stresstech Xstress 3000 G2R diffractometer. 
The measurement sites were determined using a previous Barhausen noise analysis. The residual stress was 
determined in two directions (Figure 2) [8,9]. 

 
Figure 2 The directions of residual stress measuring 

Direction 0° is indicated in the following residual stress graphs and shown in a red line, and the 90° direction 
is shown in blue. In this way, measurements were taken on all samples. The results of measurements are 
shown in individual graphs of dependence of residual stress at depth below the surface. The results 
of measurements are showed in Figure 3 and in Figure 5 [10]. 

 
Figure 3 Residual stress of NPN sample 

 
Figure 4 FWHM of NPN sample 

Another measured magnitude is the width of diffraction peak at half maximum (Full Width at Half Maximum-
FWHM). This parameter is dependent on the structure of the monitored material, reflecting information 
on material hardness and micro-stress. FWHM values are shown in the secondary graphs as a dependency 
of FWHM on the depth, see Figure 4 and Figure 6 [10,11]. 
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Figure 5 Residual stress of PN sample 

 
Figure 6 FWHM of PN sample 

The microhardness of strain hardening layer and plasma nitrided layer thickness was evaluated using 
automatic microhardness tester LM 247 AT LECO equipped by AMH43 software [12]. The test load 
for microhardness of strain hardening layer was set at 5 g and 10 s dwell time. The test load for plasma nitride 
layer was set at 50 g and 10 s dwell time. The micro-hardness of the samples of martensitic stainless steel 
X12Cr13 are plotted in Figure 7 and Figure 8 [13,14].  

 
Figure 7 Microhardness depth profile of NPN sample 

 
Figure 8 Microhardness depth profile of PN sample 
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The microstructures of the strain hardened layers and the plasma nitrided layers of all samples were cross-
sectionally documented by optical microscopy Olympus GX51. The microstructure of the foot of the NPN blade 
after machining by blunt mill is displayed in Figure 9 [15]. 

 
Figure 9 The microstructure of the NPN sample after machining by blunt mill, mag. 1000x 

3. RESULTS 

Experimentally was confirmed that the machining with blunt mill has influence on the diffusivity and layer 
creation of plasma nitriding process. The microhardness of NPN sample increased from 237 HV0.005 
to 340 HV0.005 after machining with blunt tool, see Figure 7. Measurements of microhardness have shown 
that the strain hardened layer had a significant influence on the nitrided layer creation. The nitrided layer 
thickness was different by using blunt or shape tool. The nitrided layer thickness of 101 μm was created 
after milling with blunt mill. After milling with shape mill the thickness of nitride layer was increased to 172 μm, 
see Figure 8. From residual stress patterns at the depth below the surface is seen that the compressive 
stresses in the near-subsurface layers are significant pressures (200 - 500 MPa). Stresses achieve equilibrium 
at depth of 50 μm (± 100 MPa). 

4. CONCLUSION 

The experiment showed that the machining with a blunt tool causes to create the strain hardening layer, 
especially at the foot of the blade. After plasma nitriding, the mechanical properties of steels were improved. 
The experimental results showed that plasma nitriding of martensitic X12Cr13 stainless steel increases 
the microhardness and surface hardness. Comparing the NPN sample and the PN sample showed significant 
differences in the measured residual stress directions that may be caused by machining influences. From 
FWHM dependence on depth, it is evident that the hardness of the surface layer at a depth of about 50 μm 
decreases rapidly and corresponds to the values of the heat-untreated material. The samples prior and post 
thermochemical treatment showed significant differences of residual stress which may be caused by 
machining with blunt tool, what has a significant influence on the creation of plasma nitrided layer as well. The 
experimental results showed that the machining with blunt shank mill has an adverse influence on the diffusion 
and nitrided layers creation during the plasma nitriding process (Figure 8). 
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Abstract 

Early steel bars corrosion in reinforced concrete elements are difficult to detect because of the lack of visible 
changes on the concrete surface. To assess reinforcement corrosion risk level without structure damage some 
non-destructive diagnostic methods are applied. One of them is the galvanostatic pulse method. This semi-
non-destructive electrochemical method allows to determine the corrosion areas and estimate the steel bars 
corrosion activity. Using this method it is possible to measure some electrical parameters (corrosion current 
density, stationary potential and reinforcement concrete cover resistivity) that allow to indirectly estimate the 
reinforcement corrosion progress in concrete. So far this method has been generally applied to bridges. The 
article presents results of studies in which the galvanostatic pulse method was used to determine 
reinforcement corrosion risk in structures elements different than bridges. Two types of reinforced concrete 
columns were tested under different environment conditions and two groups of laboratory specimens which 
were subjected to freezing and thawing cycles in NaCl solution or stayed in natural air-dry conditions. The 
apparatus GP-5000 GalvaPulseTM was used. Based on the obtained results the conclusions were drawn. The 
galvanostatic pulse method allows to assess the progress of the reinforcement corrosion process in tested 
elements. However, it is necessary to measure simultaneously all parameters and make their complex 
analysis. 

Keywords: Steel bar, reinforcement corrosion, non-destructive test method, laboratory test, filed test 

1. INTRODUCTION 

Reinforced concrete elements used for many years under various conditions have different degree of 
destruction. Elements subjected to the direct weather impact and unprotected from it are subjected to the 
degradation faster than the others. The most dangerous are carbon dioxide from the air and dissolved in water 
chlorides. These factors, compounded by changes in temperature and humidity, as well as mechanical 
damage, lead to destruction of concrete coating (cover) and facilitate reinforcement corrosion [1-6]. Because 
of the carbon dioxide and the physical - chemical processes effect the concrete carbonation appears. As a 
result of carbonation the concrete pH gradually decreases and the neutralized concrete areas reach deeper 
into the structure up to reaching the passive layer. The concrete protective role is due to its highly alkaline pH 
(pH ≈ 12.5 ÷ 13.5). At pH < ~11.8 passive layer is destroyed and the electrochemical reinforcement corrosion 
can appear [1-4]. Sometimes, however, it may lead to the reinforcement corrosion development also at pH 
greater than 11.8. The most common reason of this type destruction are chlorides, which in the form of ions 
dissolved in the water penetrate the pores of the concrete structure and lead to local pitting  
[1-3]. In both cases: in the carbonation process or due to chloride penetration, external damage of concrete 
coating may be invisible while the reinforcement corrosion can be significant [1,5]. On the other hand concrete 
coating may be damaged as a result of mechanical interactions. This type of damage is often visible but it 
doesn’t mean that reinforcement corrodes [5,6]. Therefore the research methods that allow to determine the 
reinforcement corrosion risk in concrete elements without removal concrete coating (cover) are very significant 
[7,8]. One of these methods is non-destructive galvanostatic pulse method. So far this method has been 
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generally applied to bridges [5,9]. The article presents results of studies in which this method was used to 
determine reinforcement corrosion risk in structures elements different than bridges. The main research 
objective was to assess the effectiveness of the measurements results made in various elements exposed to 
different environmental conditions [11]. Therefore tests were performed on: laboratory specimens subjected 
to freezing cycles in the 3 % sodium chloride solution (labeled F), laboratory specimens left in natural air - dry 
conditions (labeled N), power poles (labeled P) that have been exposed to the real long-term impact of weather 
conditions [6], internal columns of frame structure (labeled C) exploited under favorable environmental 
conditions. 

2. TEST METHOD 

Non-destructive electrochemical research methods were developed taking into account that the reinforcement 
corrosion process in concrete is an electrochemical process running in the electrolyte and the oxygen presence 
supply [2,8]. The electrolyte in this case is concrete with pores filled with an alkaline liquid and the reinforcing 
rod disposed is the electrode. Using the galvanostatic pulse method it is possible to measure some electrical 
parameters [8,10] that allow to estimate the reinforcement corrosion progress in concrete indirectly. The 
electrical parameters are: reinforcement stationary potential, concrete cover resistivity and the corrosion 
current density. The reinforcement stationary potential measurements and concrete cover resistivity are the 
basic measurements [2,8], which allow only point out areas where conditions for corrosion are more favorable. 
These measurements are not very accurate [6,12]. More reliable are so-called advanced measurements [2,8], 
consisting of additional corrosion current density measurement so we can estimate the reinforcement corrosion 
activity and forecast its rate [2,8,10]. One of the few devices which are designed for measuring the polarization 
is the GP-5000 GalvaPulseTM set [10]. This set allows to perform basic measurements or advanced. The main 
set elements are: control and recording device, silver-chloride reference electrode and calibration device. The 
apparatus is accompanied by information about the test results interpretation criteria (Table 1) [10].  

Table 1 The criteria for assessing the reinforcement risk corrosion degree [10] 

Criteria for assessing the degree of reinforcement corrosion risk 

Ad
va

nc
ed

 m
ea

su
re

m
en

ts
 

Basic 
measurements 

Reinforcement stationary 
potential, Est (mV) 

> -200 5 %  of corrosion probability  

-350 ÷ -200 50 % of corrosion probability 

< -350 95 % of corrosion probability  

Concrete cover resistivity, 

Θ (kΩcm) 

≥ 20 small corrosion probability 

10 ÷ 20 medium  corrosion probability 

≤ 10 high corrosion probability 

Corrosion current density, 

icor (A / cm2) 

< 0.5 not forecasted corrosion activity 

0.5 ÷2.0 irrelevant activity corrosion 

2.0 ÷ 5.0 low corrosion activity 

5.0 ÷ 15.0 moderate corrosion activity 

> 15.0 high corrosion activity 
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3. LABORATORY AND FIELD TESTS  

3.1. Laboratory specimens research 

There were 12 rectangular specimens with dimensions 210  228  100 mm made. All specimens were made 
of concrete C40/50. As reinforcement were used two parallel bars (BST 500) with a diameter of 8 mm placed 
in intervals 70 mm from the specimens edges side. The concrete coating was 25 mm. All specimens were 
made in a laboratory with constant humidity and temperature (air-dry conditions). The research to assess the 
reinforcement corrosion risk in the specimens was carried out in two stages. The first stage started 3 months 
after the specimens concreting. In all specimens there were measurements made in accordance with the GP-
5000 GalvaPulseTM set requirements [10]. For each specimen orthogonal grid of four measuring points was 
determined (two points above each bar), where the stationary potential, concrete cover resistivity and corrosion 
current density were measured. These results allowed to obtain reference values for the later measurements. 
After that specimens were divided into two groups:  

 group A (6 pieces, Numbers F1 ÷ F6); these specimens were subjected to 120 freezing and thawing 
cycles in 3 % sodium chloride (NaCl) in order to initiate chloride corrosion on the reinforcement, 

 group B (6 pieces, Numbers N1 ÷ N6); these specimens were left in natural laboratory air-dry conditions.  

After specimens’ freezing cycles the second stage of measurements was made. For all specimens, in pre-
designated points, the advanced measurements were performed. Obtained results (Tables 2.1 ÷ 2.3) were 
analyzed based on the criteria given in Table 1 [10]. 

Table 2.1 The corrosion current density measurement results 

Specimen No 

corrosion current density, icor (A / cm2) 

stage I (initial measurements) stage II  

point 1 point 2 point 3 point 4 point 1 point 2 point 3 point 4 

group A F1 1.08 1.07 1.25 1.19 4.27 4.22 4.86 3.63 

F2 1.74 1.17 1.48 0.96 6.37 6.59 6.12 6.37 

F3 1.31 1.16 1.20 0.98 6.78 5.01 6.54 4.90 

F4 1.15 1.05 1.00 1.07 5.46 6.08 2.60 2.54 

F5 1.04 1.08 0.86 1.24 6.23 4.87 4.98 5.10 

F6 1.07 0.95 1.12 1.18 7.93 6.07 3.96 3.56 

group B N1 0.63 0.58 0.64 0.62 0.36 0.25 0.46 0.29 

N2 0.77 0.83 0.73 0.99 0.38 1.11 0.37 0.51 

N3 1.29 1.36 1.12 1.29 0.41 0.31 0.44 0.35 

N4 0.92 1.01 1.03 0.99 0.44 0.39 0.42 0.55 

N5 1.51 1.02 1.15 1.02 0.74 0.60 0.53 0.57 

N6 1.63 1.07 1.38 1.02 0.59 0.59 0.48 0.43 
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Table 2.2 The reinforcement stationary potential measurements results 

Specimen No 

reinforcement stationary potential, Est (mV) 

stage I (initial measurements) stage II 

point 1 point 2 point 3 point 4 point 1 point 2 point 3 point 4 

group A F1 -230 -217 -226 -223 -218 -232 -141 -203 

F2 -178 -210 -201 -214 -189 -203 -253 -188 

F3 -228 -319 -224 -239 -299 -295 -221 -320 

F4 -168 -275 -165 -262 -220 -221 -224 -212 

F5 -150 -156 -257 -249 -282 -341 -288 -335 

F6 -174 -246 -180 -247 -271 -254 -266 -252 

group B N1 -35 -31 -34 -17 -84 -55 -120 -69 

N2 -51 -63 -262 -263 -10 9 -123 -94 

N3 -217 -224 -326 -327 -109 -67 -132 -92 

N4 -123 -121 -234 -225 -128 -125 69 70 

N5 -166 -172 -221 -209 -125 -123 -124 78 

N6 -199 -256 -213 -259 -116 -130 -180 -220 

Table 2.3 The concrete cover resistivity measurements 

Specimen No 

concrete cover resistivity,  (kΩcm) 

stage I (initial measurements) stage II 

point 1 point 2 point 3 point 4 point 1 point 2 point 3 point 4 

group 
A 

F1 1.2 1.2 1.1 1.1 1.9 1.8 1.8 2.4 

F2 1.2 1.3 1.2 1.3 1.3 1.4 1.4 1.5 

F3 1.4 1.4 1.3 1.2 1.5 1.4 1.6 1.7 

F4 1.3 1.2 1.2 1.2 1.0 1.2 1.0 1.3 

F5 1.3 1.2 1.3 1.2 1.1 1.1 1.0 1.2 

F6 1.3 1.2 1.2 1.2 1.0 1.2 1.1 1.2 

group 
B 

N1 1.4 1.5 1.5 1.4 26.5 22.2 29.2 27.2 

N2 1.4 1.2 1.3 1.3 34.0 24.9 18.2 16.2 

N3 1.3 1.3 1.2 1.1 28.2 23.2 23.9 22.8 

N4 1.4 1.3 1.3 1.2 22.1 26.3 22.1 28.3 

N5 1.2 1.2 1.3 1.2 24.7 23.7 26.6 28.9 

N6 1.3 1.3 1.2 1.1 26.2 26.1 23.5 25.4 
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3.2. Research of poles 

Table 3 The power poles and poles of the building structure measurements results 

Pole 
No 

 

corrosion current density,  

icor (A / cm2) 

reinforcement stationary potential, 

 Est (mV) 

concrete cover resistivity, 

  (kΩcm) 

point 1 point 2 point 3 point 1 point 2 point 3 point 1 point 2 point 3 

P 1a 2.25 2.99 5.7 -36 29 -86 6.1 10.5 13.9 

P 1b 1.76 21.76 4.6 -41 -81 -72 8.2 14.1 13.5 

P 2a 1.63 1.2 0.71 -47 -30 -9 5.8 5.0 7.7 

P 2b 1.95 1.47 1.49 -7 -10 -10 3.7 6.4 5.4 

P 3a 1.61 0.94 1.06 -61 -4 -29 5.8 7.7 6.3 

P 3b 1.25 1.31 0.60 -27 -33 -15 6.0 4.7 4.0 

P 3c 1.66 1.26 0.38 -54 -47 -1 5.4 4.8 4.0 

C 1a 0.05 0.05 0.04 -141 -96 -108 63* 60* 55* 

C 1b 0.09 0.11 0.10 1.87 -89 - 97 26.5 31 21.5 

C 2 0.13 0.07 0.08 -126 1.6 -115 34.6 15.6 26.2 

C 3 0.10 0.05 0.07 -134 -81 -85 8.9 20.2 23.6 

C 4 0.00 0.42 0.04 -144 -49 -99 9.9 24.7 28.9 
* results out of the test range [10] 

Two types of reinforced concrete poles were tested. The first poles type were exterior poles (labeled P). They 
were exposed to long-term environmental impact, including in particular the negative atmospheric conditions 
impact. Poles were reinforced with ribbed bars with 8 mm diameter. The concrete cover (coating) was 8 ÷ 10 
mm. Three poles were examined. These elements’ the average concrete strength was measured by rebound 
hammer test and was ~ 37 MPa. The age of poles was estimated at ~ 50 years. The second poles type were 
reinforced concrete load bearing internal columns (labeled C). The columns’ reinforcement was made of ribbed 
bars with a 20 mm diameter. The concrete cover (coating) was 20 ÷ 25 mm. The four columns were examined. 
The average concrete pillars strength made by the rebound hammer test was 55 MPa. The age of columns 
was estimated at ~ 48 years. Electrochemical studies involved the reinforcement stationary potential, concrete 
cover resistivity and corrosion current density measurements at three measuring points located directly above 
the main reinforcement and spaced every 30 cm. The research on the rod was made during the summer - the 
dry season when the ambient temperature was ~ 27 °C. Research on poles was made in the building during 
the autumn when temperatures inside the building was around 3 °C. All measurements were recorded 
(Table 3) and analyzed on the criteria given in Table 1 [6,10]. 

4. ANALYSIS OF THE RESULTS 

4.1. Laboratory specimens 
The main parameter by which we can determine the reinforcement corrosion progress is corrosion current 
density. Other parameters are less important - specify only circumstances which can lead to the reinforcement 
corrosion. Corrosion current density measurement made in the research first stage on 12 specimens indicated 
that at no point the corrosion current density exceed icor = 2 A / cm2 which shows negligible corrosion activity 
(Table 1). The obtained results comparison in the study second stage showed that at the points of the 
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specimens A the corrosion current density at 11 points increased significantly reaching icor = 2.54 ÷ 4.98 A / 
cm2, providing low activity, and at 13 points icor = 5.00 ÷ 7.93 A / cm2, with a moderate corrosion activity. In 
the specimens B the corrosion current density measurements in both stages remained the same level and do 
not exceed 2 A / cm2 (Table 2.1). The reinforcement stationary potential measurements results did not allow 
for the clear conclusions (Table 2.2). In the first measurements stage at the 30 points the stationary potential 
was lower than -200 mV, (Est = -201 ÷ -327 mV) which indicated 50 % of reinforcement corrosion probability. 
Only at 18 points these values were higher than -200 mV allowing to estimate the corrosion probability at the 
level of 5 %. In the measurements second stage at 17 points of specimens A the stationary potential decreased 
in relation to the measurement in the first stage where in the reinforcement corrosion probability increase may 
be requested, although the results indicated that it was still at 50 %. In 7 points stationary potential value 
increased. In 3 points value was greater than -200 mV, indicating low than 5 % corrosion probability. In all 
points of the specimens B in a second stage measuring the stationary potential values were higher than -200 
mV, which indicate the corrosion probability at 5 %. Compared to the measurements made in the first stage at 
13 points the corrosion probability was reduced from 50 % to 5 %. The concrete cover resistivity measured 
values in the first stage at all points of the specimens ranged  = 1.1 ÷ 1.5 kΩcm (Table 2.3). It was much 
less than 10 kΩ and indicated a high corrosion probability (Table 1). In a second measuring stage at the points 
of the specimens A the parameter value still remained at the same level (Table 2.3). However, in the 
specimens B at 22 points the concrete cover resistivity increased over 20 kΩcm, allowing to estimate the 
corrosion probability as low (Table 2.3). 

4.2. Poles and columns 
The poles have been operated for about 50 years. The study involved power poles that have been exposed to 
the real long-term impact of weather conditions and internal columns of frame structure exploited under 
favorable environmental conditions. This element groups choice allowed to compare the results of 
reinforcement corrosion elements threat operated in extremely different conditions. The testing poles results 
are described in Table 3. They were analyzed based on the same criteria as the specimens [10]. According to 
the given in [10] nomenclature of corrosion current density obtained from measurements on power poles 
(results range icor = 0.38 ÷ 21.76 A / cm2) indicated a "high corrosion activity" of reinforcement in the P1b pole 
(at one point icor = 21.76 A / cm2), "moderate" in the P1a pole (at one point icor = 5.7 A / cm2), and the 
remaining poles at "insignificant corrosion activity". The same parameter allowed to determine the 
reinforcement corrosion activity in the frame columns (C1 ÷ C4) as "not forecasted" (results range icor = 0 ÷ 
0.42 A / cm2). On the measurements basis of the second parameter, i.e. the reinforcement stationary potential 
the corrosion likelihood can be drawn about at 5 % in both types of poles. The value ranges results were 
similar and were as follows: for power poles Est = -86 ÷ 29 mV, and for columns Est = -144 ÷ 1.87 mV. It should 
be noted that this parameter does not show precisely observed, in fact, the existing differences in the 
reinforcement wear degree or both types corrosive poles threats (visible reinforcement of poles places were 
clearly corroded). The concrete cover resistivity value allowed for clearer (but also imprecise) determination of 
the reinforcement rod condition difference undergoing long-term impact of unfavorable external conditions and 
poles operated under favorable conditions. The results values for power poles ranged  = 3.7÷14.1 kΩcm 
clearly indicated a "medium" (four points) and "high corrosion probability" (most points) of reinforcing bars. The 
obtained results for columns ranged  = 20.2 ÷ 34.6 kΩcm indicating a "low corrosion probability" (most points) 
and range  = 9.9 ÷ 15.6 kΩcm, providing a “medium corrosion probability” (three points). 

5. CONCLUSIONS 
1) The galvanostatic pulse method allows to assess the progress of the reinforcement corrosion process 

in both laboratory specimens and the real elements. However, it is necessary to measure simultaneously 
corrosion current density, stationary potential and concrete cover resistivity and make complex analysis. 
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2) Only basic measurements performance (reinforcement stationary potential and concrete cover 
resistivity) can lead to wrong conclusions. 

3) Among the three measured values the corrosion current density is the most reliable measurement. 
4) Concrete cover resistivity measurement made on new specimen is not reliable (indicates high 

reinforcement corrosion probability). This may be related to the physicochemical changes, occurring in 
young concrete due to the strong surface moisture during the measurements. 

5) The reinforcement stationary potential measurement made on new specimens indicates 50 % corrosion 
probability and in the 50 years old poles 5 % corrosion probability what proves the inaccurate results.  

6) Measurements are only possible on a leveled, pure and strongly moisturized concrete surface. 
7) The ambient temperature during the measurements can affect the obtained results both for the test 

piece (heating or strong cooling) and because of the measuring apparatus behavior. Preliminary 
measurements made on the same laboratory specimens outdoors in the winter (temp. ~ -5 °C) and, 
immediately after it, in a warm room (temp. ~ 23 °C) showed repeatable and significant differences in 
the values of all three measured parameters: corrosion current density, the reinforcement stationary 
potential and the concrete cover resistivity. This research is being continued by authors. 
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Abstract   

The paper described properties of electro-spark deposited coatings. The processes of coating formation on 
metal parts including electro-spark deposition involve mass and energy transport accompanied by chemical, 
electrochemical and electrothermal reactions. The tests were conducted to analyze the operational properties 
of steel beaters used in a hammer mill for waste paper recycling. The degree of wear and the development of 
wear processes were studied for specimens with and without electro-spark deposited coatings. The studies 
were conducted using WC-Co-Al2O3 electrodes produced by sintering powders. The anti-wear coatings were 
electro-spark deposited over C45 carbon steel by means of an EIL-8A.The operational properties of the 
specimens were assessed by analyzing their micostructure, microhardness, surface geometric structure, 
corrosion resistance and tribological properties. The results show that more effective methods are required to 
increase the durability of beaters for hammer mills. 

Keywords: Electro-spark deposition, coating, properties, steel beater 

1. INTRODUCTION 

The process of material growth resulting from electroerosion is known as electro-spark alloying (ESA) or 
electro-spark deposition (ESD). The erosion of the anode and the spark discharges between the electrodes 
result in the formation of a surface layer with properties different from those of the base material  
[1, 2].Electro-spark alloying is one of the methods that require concentrated energy flux. The method was first 
used in the USSR in the 1940s almost simultaneously with the destructive electrical discharge machining.The 
ESA technique was studied intensively in the 1960s. In the next decade, it was commonly applied to deposit 
hard-melting materials on selected metals and alloys, mainly steel. Polish scientists became interested in electro-
spark alloying of coatings as early as in the 1980s. Electro-spark deposition (ESD) is a cheap high-energy 
process. Developed in the post-war period, the technology has been frequently modified. Its main advantages 
are the ability to select precisely the area to be modified, the ability to select the coating thickness, which may 
range from several to several dozen micrometers, good adhesion of a coating to the substrate, and finally, 
inexpensive and simple equipment for coating deposition. The processes of coating formation on metal parts 
including electro-spark deposition involve mass and energy transport accompanied by chemical, electrochemical 
and electrothermal reactions [1]. Today, different electro-spark deposition techniques are used; they are suitable 
for coating formation and surface microgeometry formation [3-5].Coatings produced by electro-spark deposition 
are applied: 

 to protect new elements, 
 to recover the properties of worn elements. 

Electro-spark alloying is becoming more and more popular as a surface processing technology. Electro-spark 
deposited coatings are frequently applied in industry, for example, to produce implants or cutting tool inserts. 
The coatings are deposited with manually operated equipment or robotized systems. As electro-spark coatings 
are reported to be resistant to wear and corrosion, they can be applied, for instance, to:   

 ship propeller components, 
 casting moulds, 
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 fuel supply system components, 
 exhaust system components. 

Analysis of properties of coating systems requires many methods [6-9] even with the dimensionality reduction 
(the large number of attributes mapped into the smaller subset of attributes with the highest significance e.g. 
principal component analysis, cluster analysis etc.) [10, 11], the image analysis techniques [12-14] and the 
subjective assessment of the coating quality [15] and this assessment repeatability [16]. There are many 
alternative technologies for producing coatings in relation to ESD technology [17, 18].  

2. MATERIALS AND TREATMENT PARAMETERS 

Coatings were deposited on the C45 grade plain-carbon steel by the ESD method using a portable EIL-8A 
electro-spark deposition facility (TRIZ, Ukraine). Electrodes containing 85% WC, 10% Co and 5% Al2O3, were 
produced using the powder metallurgy hot pressing route. The main characteristics of powders used in this 
work are included in Table 1. 

Table 1 Powders used to manufacture electrodes 

Powder Particle size (m) Producer 

WC ~0.2 OMG 

Co ~1.4 Umicore 

Al2O3 18  60 Sulcer-Metco 

The powders were mixed for 30 minutes in the chaotic motion Turbula T2C mixer. The mixture was then poured 
into rectangular cavities of a graphite mould, each 6 × 40 mm in cross section, and consolidated by passing 
an electric current through the mould under uniaxial compressive load. A 3 minute hold at 950 °C and under a 
pressure of 40 MPa permitted obtaining electrodes of porosity <10 % and strength sufficient to maintain 
integrity when installed in the electrode holder. The hot pressing of powders, or green compacts, is generally 
realised in high-resistance graphite moulds by passing electrical current directly through the mould, as 
schematically shown in Figure 1.  

 

Figure 1 Schematic representation of the hot pressing process [19] 
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The equipment used for electro-spark alloying was an EIL-8A model. Basing on the results of previous 
research as well as instructions given by the producer, the following parameters were assumed to be optimal 
for ESA:  

 voltage, U = 230 V,  
 capacitor volume, C = 150 F,  
 current intensity, I = 2.4 A. 

3. RESULTS OF INVESTIGATIONS AND DISCUSSION 

3.1. Microstructure and microhardness tests 

A microstructure analysis was conducted for WC-Co-Al2O3 coatings using the Joel JSM-5400 scanning 
electron microscope and the Neophot 2 light microscope. In Figure 2 the microstructure of an ESD WC-Co-
Al2O3 coating is illustrated. It is clear that the thickness of the obtained layers was from 60 to 70 μm, whereas 
the heat affected zone (HAZ) ranged approximately from 30 to 40 μm into the substrate. Figure 2 also reveals 
a clear boundary between the coating and the substrate, pores and microcracks. 

 
Figure 2 SEM (left) and LM (right) micrographs of the polished cross section through a WC-Co-Al2O3 ESD 

coating on C45 steel substrate 

The microhardness of the specimens with WC-Co-Al2O3 coatings was analysed applying a load of 0.4 N and 
using the Vickers method. The indentations were made consecutively in three zones: the coating, the heat 
affected zone (HAZ) and the base material. The average microhardness of the base material after ESA was 
279 HV0.4. The value was the same as that at the initial state. The average microhardness of the WC-Co-
Al2O3 coating was 906 HV0.4. Thus, there was a 225 percent increase compared to that of the base material. 
The microhardness of the heat affected zone after electro-spark alloying was 38 % higher in relation to that of 
the base material. 

3.2. Measurements of the surface geometric structure 

Surface geometric structure (SGS) substantially influences many processes that occur in the outer layer. A lot 
of publications deal with measurement methods and the assessment of surface roughness and waviness [20, 
21]. Measurements of surface geometric structure were carried out at the Laboratory of Computer 
Measurements of Geometric Quantities of the Kielce University of Technology. Those were performed using 
Talysurf CCI optical profiler that employs a coherence correlation algorithm patented by Taylor Hobson 
Company. The algorithm makes it possible to take measurements with the resolution in the axis z below 0.8 
nm. The result of measurements is recorded in 1024 x 1024 measurement point matrix, which for the x10 lens 
yields the 1.65 mm x 1.65 mm measured area and the horizontal resolution 1.65 m x 1.65 m. One of the 
main disadvantages of the coatings produced by electro-spark alloying is high surface roughness. By reviewing 
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the literature and analysing the latest developments in this technology, one can notice that the surface 
generation process involves erosion of the base material and formation of microcraters and ridges by particles 
leaving the electrode. The surface is regular with rounded microroughness peaks. The effect of the process 
parameters on the formation of surface roughness has been described in numerous publications. By controlling 
these parameters, it is possible to obtain surfaces with pre-determined microgeometry. Electro-spark alloying 
allows producing surfaces with enhanced roughness called surface relief. The roughness of the WC-Co-Al2O3 

coatings was measured at the Laboratory for Measurement of Geometric Quantities of the Kielce University of 
Technology using a TALYSURF CCI equipment. The roughness was measured in two directions perpendicular 
to each other. Then, the average value was calculated: Ra = 4.99  5.66 m. The without coatings steel 
specimens (C45) had a roughness from 0.46 to 0.53 µm. 

3.3. Corrosion resistance tests 

The corrosion resistance of the WC-Co-Al2O3 coatings and the underlying substrate was analyzed using a 
computerized system for electrochemical tests, Atlas’99, produced by Atlas-Sollich. The potentiodynamic method 
was applied, because it is reported to be one of the most effective methods of electrochemical testing. The cathode 
polarization curve and the anode polarization curve were determined by polarizing the samples with a potential 
shift rate of 0.2 mV / s in the range of 200 mV of the corrosive potential, and with 0.4 mV / s in the range of 
higher potentials. Samples with a marked area of 10 mm in diameter were polarized up to a potential of 800 
mV. The polarization curves were drawn for samples exposed for 24 hours to a 3.5 % NaCl solution so that 
the corrosive potential could be established. The tests were performed at 211 C. The WC-Co-Al2O3 coating 
was reported to have the highest corrosion resistance. The corrosion current density of the coating was 16.8 
μA / cm2, while that of the C45 steel substrate was 35.4 μA / cm2. Applying the WC-Co-Al2O coating improved 
the sample corrosion resistance by approx 100 %. The fusion of the coating and the substrate resulted in a 
considerable heterogeneity of electrochemical potentials on the coating surface. The microcracks in the 
surface layer also contributed to intensification of the corrosion processes.  

3.4. Wear resistance of beaters 

In the experiment, the coatings were electro-spark deposited on hammer faces made of carbon steel C45 - the 
cathode - using a WC-Co-Al2O3 electrode. Sixteen specimens were tested: eight with electro-spark deposited 
WC-Co-Al2O3 coatings and eight uncoated ones.  

Table 2 Mass of the beaters with WC-Co-Al2O3 coatings Table 3 Mass of the beaters without coatings 

Specimen 
number 

Measurement number Mass loss  Specimen 
number 

Measurement number Mass loss 

I (g) II (g) III (g) (g)  I (g) II (g) (g) 

1 N 936.43 936.49 936.31 0.18  1 W 937.72 937.48 0.24 

2 N 947.62 947.66 947.43 0.23  2 W 934.19 933.54 0.65 

3 N 969.13 969.15 969.03 0.12  3 W 948.86 948.64 0.22 

4 N 949.87 949.92 949.71 0.21  4 W 965.72 965.29 0.43 

5 N 937.69 937.71 937.47 0.24  5 W 953.78 953.31 0.47 

6 N 929.75 929.79 929.64 0.15  6 W 943.33 942.89 0.44 

7 N 958.32 958.37 958.21 0.16  7 W 921.18 920.45 0.73 

8 N 967.28 967.32 967.11 0.21  8 W 972.83 972.62 0.21 

  average value 0.19   average value 0.42 

All specimens were weighed for the first time before the tests. Then, eight of them were coated with WC-Co-
Al2O3 and weighed again. It should be noted that only the working surfaces were strengthened. The next stage 
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involved mounting the beaters in a hammer mill operating in Nordiska Ekofiber Polska Ltd. (Figure 3). The 
eighteen beaters were placed symmetrically along the mill shaft. After 250 hours of operation, all of them were 
weighed again. The data are shown in Table 2 and Table 3. 

Table 2 presents measurement results for the specimens with WC-Co-Al2O3 coatings. Column I shows the 
mass of the beaters before electro-spark alloying; in column II we have the mass of the beaters with electro-
spark deposited WC-Co-Al2O3 coatings, and in column III the mass of the beaters after 250 h of operation in the 
mill. Table 3 contains results for the uncoated specimens before use (column I), and after 250 hours of operation 
in the mill (column II). 

 
Figure 3 A view of the inside of the mill for waste paper grinding: 1 - sieve, 2 - main shaft, 3 - fixing pivots, 

4 - beaters 

The mass loss analysis showed that the beaters with the WC-Co-Al2O3 coatings had a lower wear rate than 
the uncoated beaters. The latter are predicted to operate for approximately 2-3 years. The investigations will 
be continued as there is not enough data confirming that the application of WC-Co-Al2O3 coatings improves 
the long-term wear resistance of beaters. 

4. CONCLUSIONS 

1) The microstructure analysis revealed that the coating thickness was 60 - 70 m, whereas the heat 
affected zone ranged approximately 30 -40 m. The coatings possessed microcracks and pores.  

2) A significant increase in roughness Ra was reported for specimens with WC-Co-Al2O3 coatings. Higher 
roughness, however, is not always considered a disadvantage. Under certain circumstances, valleys in 
the roughness profile act as lubricant reservoirs, which increase the rate of heat transfer and that of 
catalysis. 

3) The microhardness of the WC-Co-Al2O3 coating produced by electro-spark alloying was 906 HV0.4, 
while that of the base material - C45 steel - was 279 HV0.4. 

4) The obtained Ik values indicate over 100 % increase in corrosion resistance of the ESD coated sample 
compared to uncoated C45 steel substrate. 

5) The durability of beaters was studied under real conditions; the specimens with WC-Co-Al2O3 coatings 
were reported to be more wear resistant than the uncoated ones. 
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Abstract  

Engineering ceramics are commonly used as coating materials in machining steel and in the non-ferrous alloys 
industry, mainly to increase the durability tools working in different operating conditions. Coatings based on 
borides, nitrides, or carbides have high hardness and good tribological properties at room and at elevated 
temperatures. TiB2 is a unique material characterized by the low affinity to aluminium and its alloys. Such 
properties justify its successful use in the production of thin anti-wear films dedicated to increasing the 
durability of tools used in the non-ferrous metal processing industry. This compound is also considered to be 
superhard materials (hardness up to 30 GPa). Titanium diboride hardness, depending on process parameters 
and production methods, is in the range of 30 - 40 GPa. Unfortunately, this material has high brittleness, which 
create the limits of the area of its application. 

The paper presents the influence of negative substrate polarization on mechanical properties (HV, E) and 
fracture toughness (KIc) of TiB2 coatings. All coatings were obtained using the magnetron sputtering method 
on samples of SW7M steel heat treated to hardness 59 HRC. The result of the increase of negative substrate 
polarization is the increase in hardness and Young modulus. The fracture toughness obtained in the coatings 
remained at a constant level of 0.6 MPa·m1/2. This means that the coatings are very brittle. In the case of 
polarization UBIAS = -75 V, the authors achieved a 3 times higher brittleness index KIc and an increase of 
hardness to 36 GPa simultaneously. 

Keywords: TiB2 coatings, fracture toughness, magnetron sputtering, PVD 

1. INTRODUCTION 

The non-ferrous industry is still developing, but the main fields of use of aluminium, magnesium, and titanium 
alloys remain the aviation and automotive industries. These trends are resulted from the European directive 
and explore the possibility of decreasing fuel consumption [1][2]. Light alloys, from which car and aircraft 
components are manufactured, are characterized by many attractive properties such as low density, a high 
strength to weight ratio, good formability, etc. [3-5]. In order to effectively machining non-ferrous alloys the use 
of special tools is required. Only then a good quality finished surface is possible to obtain. The dominant 
technical area for the design of material solutions in the tools industry is surface engineering [5][6]. The coating 
dedicated to increasing the durability of drills and tools for machining light alloys is titanium diboride because 
of its high hardness, high melting point, excellent wear resistance, and oxidation resistance [7-9], but the main 
TiB2 advantage is the low affinity to aluminium. Despite this, titanium diboride is not a popular coating material, 
mainly due to its high brittleness. However, the fracture toughness may be improved by changing the 
parameters of the technological process [9]. 
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2. METHODOLOGY 

2.1. Experimental procedure 

TiB2 coatings were sputter-deposited to a nominal thickness of about 1 µm by the DC magnetron sputtering 
technique from a pure TiB2 sintered target (purity 99.5 %) with a diameter of 100 mm and a thickness of 8 mm, 
adhesively bonded on a copper washer. TiB2 coatings were deposited on polished high speed steel HS6-5-2 
samples of the following composition (wt. %): 0.8 C, 4.0 Cr, 0.4 Ni, 5.0 Mo, 6.5 W, 2.0 V, which was provided 
in the form of discs of 25.4 mm in diameter and 6 mm in height. The steel samples were heat treated to a 
hardness of 59 HRC. Before deposition, the chamber was evacuated to 3 × 10-3 Pa and the samples were 
heated up to 300 °C. The working pressure during deposition was 0.5 Pa and the distance from the samples 
to the plasma source was 150 mm. During the process, the temperature was constantly monitored using a 
pyrometric temperature measurement system. The TiB2 deposition was carried out under the input power of 
1000 W for 60 minutes. The the negative bias of substrate was varied in the range from 0V (float voltage) to -
75 V.  

2.2. Surface characterization 

2.2.1. Chemical and phase composition 

The chemical composition of materials that contain light elements must be investigated using a special method. 
One of the methods used to study of this type of materials was wavelength dispersive X-ray spectroscopy 
(WDS). The chemical composition of obtained coatings was analysed using a JXA-8230 device produced by 
the JEOL Company. Additionally, in order to confirm the formation of the titanium diboride phase, the phase 
composition and crystallographic orientation of the thin films were analysed by applying X-ray diffraction using 
Co Kα radiation with an Fe filter in XRD-7 diffractometer produced by the Seifert-FPM company.  

2.2.2. Microstructure and mechanical properties 

The analysis of the microstructure on brittle fractures was carried out using a scanning electron microscope 
(SEM) Hitachi SU-70. The results of the mechanical properties of TiB2 coatings, including hardness and Young 
modulus, were carried out using a nanohardness tester from the CSM company with a Berkovich indenter. 
The maximum load adopted was 8 mN, which corresponded to a maximum penetration depth of about 100 
nm. Maximum penetration depth was determined by the thickness of investigated coatings, because the depth 
of indentation must be less than 10 % of total thickness of the coating. 

2.2.3. Fracture toughness 

Titanium diboride is a ceramic material with a very high hardness and a high brittleness. Analysis of fracture 
toughness of thin films and brittle materials is limited to only few methods. One of the dedicated methods is a 
penetration method using a nanohardness tester with Berkovich indenter. Because indentations were very 
small, a scanning electron microscope (SEM) was used to measure variables to determine the brittleness 
index. The applied load of the indenter was selected experimentally and fixed at 200 mN. For each coating 20 
indentations were made. Figure 1 shows the method of measurement of crack length and distance between 
the corner to centre indentation. The measured value was used to determine fracture toughness in accordance 
with Equation 1. 

퐾 = 푋푣 푥 
/

푥 
/

푥 / ,         (1) 

where, Xv - constant equal 0.016; a - average crack length; l - distance between corner to center of 
indentation; E - Young modulus; H - hardness; P - applied load; c - amounting a and l. 
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Figure 1 The method of measurement of fracture toughness of TiB2 coating 

2.2.4. Coefficient of friction 

Investigations of the coefficient of friction were carried out using the scratch method on a Revetester. Due to 
the fact that TiB2 is dedicated as a coating for drills and tools for machining non-ferrous alloys, 3 different non-
ferrous alloys were selected as counterparts: PA6 aluminium alloy, Mo58 brass, and Ti6Al4V titanium alloy. 
Additionally, bearing steel 100CrMo73 was chosen. 

3. RESULTS 

Electron probe microanalysis using WDS spectrometry is the dedicated method for the investigation light 
elements. It is the preferred technique because of its higher spectral resolution in comparison to EDS 
spectrometry. Coatings have a following composition (at. %): 67 B, 33 Ti. The B / Ti atomic ratio is similar to 
the ratio of stoichiometric TiB2 composition. The analysis of phase composition confirmed that the coatings 
have a hexagonal TiB2 structure. XRD has also revealed that the films show a strong crystallographic texture 
with (0001) planes of most crystallites being parallel to the film surface. 

The hardness of the obtained TiB2 coatings is about 30 GPa (Table 1). This means that the films can be 
classified as super-hard materials. The results can be divided into two groups with similar properties: float 
potential and -25 V bias have a hardness of 30 GPa and modulus of 400 GPa, and -50 V bias and -75 V bias 
have a hardness of about 35 GPa but with different modulus. The H3 / E2 index (plasticity deformation index) 
increased with increasing negative bias polarization. This means that, in the case of the coating with a high 
value of index, crack propagation will be more difficult unlike coating with a lower H3 / E2 value. This difference 
was observed in the microstructure of brittle fractures of TiB2 coatings (Figures 2a, b).   

All coatings have very fine columnar microstructure. They are characterized by good adhesion to the substrate. 
In the case of TiB2 coating obtained using float potential, the fragile nature of the fracture was observed. The 
use of polarization -75 V resulted in creating a significant change in crack creation. In Figure 2b, white dashed 
lines show the differences in the direction of crack propagations. 

The results of fracture toughness analysis of TiB2 coatings are shown in Table 1. Coatings from the range of 
0 to -50 V have a similar index of brittleness. The authors observed that the distance between corner to centre 
of indentation remains constant.  
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Figure 2 The microstructure of a brittle fracture of TiB2 coating obtained with different bias polarization:  
a) 0 V (float polarization), b) -75 V bias 

       
Figure 3 Scanning electron micrographs of indentation on TiB2 coatings:  

a) 0 V (float polarization), b) -25 V bias, c) -50 V bias, d) -75 V bias 
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The thin film obtained using -75 V bias polarization has a 3 times higher KIc index. There was no significant 
difference in the distance between corner to centre of indentation in comparison with other layers, but crack 
length is smaller (Figure 3d). At the same time, the hardness of TiB2 UBIAS= -75 V coating is higher.  

Table 1 Results of measurement of fracture toughness, hardness and Young modulus of TiB2 coatings 

Bias substrate  
(V) 

Hardness 
(GPa) 

Modulus 
(GPa) 

H3 / E2 a  
(µm) 

l  
(µm)  

c  
(µm)  

KIc 
(MPa·m1/2) 

0 (float voltage) 29.5 ± 0.5 395 ± 10 0.17 5.25 3.36 8.61 0.56 ± 0.05 

-25 31.5 ± 0.5 400 ± 10 0.19 5.36 3.96 9.32 0.52 ± 0.06 

-50 34.5 ± 0.5 405 ± 10 0.25 4.33 3.80 8.13 0.66 ± 0.08 

-75 36.5 ± 0.5 430 ± 10 0.27 1.73 3.96 5.69 1.81 ± 0.30 

The results of measurements of the coefficient of friction (Figure 4) show that all coatings have a much smaller 
coefficient of friction in comparison to the uncoated sample.  

 
Figure 4 The coefficient of friction of the TiB2 coating in contact with chosen non-ferrous alloys  

and bearing steel 

The low coefficient of friction can be due to the low affinity of titanium diboride to non-ferrous alloys. The 
authors also observed that coatings had a decreased coefficient of friction in contact with steel. This means 
that TiB2 coating may be both a good surface material for machining non-ferrous alloy but also for machining 
steel.  

4. CONCLUSION  

Titanium diboride is a recommended coating material for machining non-ferrous alloys, mainly aluminium and 
aluminium alloys. The major problem for the application of this compound is its very high brittleness. One of 
the methods of improving the fracture toughness is changing the parameters of the technological process. The 
use of substrate polarization UBIAS= -75 V resulted in a three-fold increase of the KIc fracture index. At the same 
time, an increase in hardness of about 5 GPa was observed. Variation in material’s properties (hardness, 
Young modulus, fracture toughness) were caused by the differences in microstructure. In the case of UBIAS = -
75 V, the authors observed many areas where the direction of crack creation was changing Unfortunately, 
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values of the index of fracture toughness of about 1.8 MPa·m1/2 are suitable for brittle materials. However, the 
level of this value is similar to the KIc values of commercially used coatings on the tools for machining the 
following: TiN (1.1 - 2.5 MPa·m1/2), CrN (1.5 - 3.5 MPa·m1/2) [10], and TiN / CrN (1.3 - 2.0 MPa·m1/2) [11]. 
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Abstract 

The article focuses on the technology of machining thermal sprays and the determination of suitable machining 
parameters with respect to the achieved quality of the machined surface. Thermal sprays are characterized 
by a very good workability in terms of chip machining technology, but this production results in a defective 
surface quality (ripped coating). Determination of suitable parameters was performed during the Metco 52C - 
NS heat treatment. This spray using most commonly in the aerospace industry as a gasket for air jet 
compressors. The evaluation of the thermal properties of the proposed thermal processing machining 
parameters was carried out by measuring the force of the machine - tool - workpiece system. The KISTLER 
9257B piezoelectric dynamometer was used to measure force load patterns. From the achieved results, the 
appropriate machining parameters were subsequently determined to reduce machine time while maintaining 
the required quality of the surface treated surface of the Metco 52C-NS heat treatment. 

Keywords: Thermal sprayed coatings, machining, cutting inserts  

1. INRODUCTION 

Thermal spraying is one of the gradually evolving surface treatment technologies that create layers with 
specific properties. This mode of adjustment is using geared in many industries, both in the first generation 
and in the restoration of existing components. Depending on the type of thermal spraying selected, their 
components can enhance their performance, resist various stresses, and thus increase the life of the exposed 
parts. [1,7] The Metco 52C - NS thermal spray is one of the abradable coatings that serve as a towelling layer 
of air compressor blades. Even though the surface quality isn´t an important parameter for abrasion-resistant 
coatings, it is important to maintain the uniform appearance of the machined surface in terms of maintaining 
the functionality of the applied coating. In order to prevent irreversible damage to the surface of the thermal 
sprayed component, it is necessary to choose the appropriate technology and parameters influencing the 
process of retrofitting. [3,10] 

2. MACHINING OF THERMAL SPRAYED COATINGS 

The functionality of the thermally sprayed components is based on the selection of the correct technological 
procedures, additional modifications and finishes after application of the spray. In fact, it is assumed that the 
adhesion of the coatings to the surface of the base material is significantly affected by the mechanical 
anchoring component. [9] However, any interference with the deposited thermal spray layer on the surface of 
the component may cause it to break. Machining of smaller or larger coating thicknesses can cause tension 
in the coating and its alignment with the existing tension in the coating. Thermally sprayed surfaces consist of 
individual deformed particles of additive material and a certain amount of porosity, therefore, the cut surfaces 
can be counted with the intermittent cut at the cutting point with the tool and coated coating layer. Non-
homogeneous porous structure and poorly selected machining parameters are the most common cause of 
impact, which can damage the heat spray layers and cause it to get tangled. [2,4,5] 
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3. CHARACTERISTICS OF THERMAL SPRAY METCO 52C - NS 

For the experiment was used Metco 52C - NS Al + 12 % 
Silicon, which is applied by plasma spraying technology. The 
coated coating is powdered into a device in which it melts 
and accelerates in the direction of the coated surface of the 
part. Subsequent to the substrate, the particle will spread 
across the substrate in a substantial manner and will quickly 
become stiff. In this way, a coating is produced which has a 
characteristic lamellar structure and specific properties. 
[6, 8]. 

Table 1 Chemical Composition Metco 52C - NS [4] 

Element Si Al 

Mass [%] 12 88 

Table 2 Mechanical and PhysicalPropertiesoftheMetco52C-NS [4] 

Mechanical and Physical Properties Value Mechanical and Physical Properties Value 

Typical Size Range μm 106 + 45 Density ρ g / cm3 2.4 

Macro Hardness Rh Rh90 Melting Point °C 650 

Cross Sectional Hardness (DPH50) 120 Porosity % max. 5 

4. PROPOSAL OF EXPERIMENTAL MACHINING OF SPRAYING 

For the experimental operation was designed of thermal spraying, a cutting tool with geometry designated 
DCGT11T304F-AL. It is an uncoated cutting insert with positive cutting geometry. The selected geometry of 
the cutting insert ensures an efficient material removal and a stable process without the need for greater force 
loading and intense friction. Cutting insert is primarily designed for aluminium, its alloys and other non-ferrous 
materials. With regard to the force load on the surface of the thermal spraying and the prescribed 
microgeometry of the surface, a tool with a radius of rε = 0.4 mm was selected under predetermined cutting 
conditions. The aim of the experimental machining was therefore to maintain the size of the cutting force 
components lower than the adhesion strength of the thermal spray coating to the backing material. At the same 
time, the machining parameters were chosen to increase the existing heat treatment productivity and maintain 
the required surface quality after machining. 

Table 3 Parameters of the Designed Cutting Insert  

Cutting Insert Designation l (mm) d (mm) s (mm) h (mm) rɛ (mm) 

 DCGT11T304F-AL 11.6 9.53 3.97 4.4 0.4 

Figure 1 Structure of the Metco 52C - 
NS [5] 
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5. EXPERIMENTAL CUTTING PARAMETERS 

The cutting parameters of the Metco 52C - NS were determined as follows - Table 4. In terms of increased 
productivity, increasing cutting speeds have been proposed for machining the spraying. The sliding value is 
selected so that the desired microgeometry of the surface with the radius of the tool tip is reached, namely the 
theoretical value of parameter Rz = 6.4 μm. The cutting depth was chosen in accordance with the tested radius 
of the cutting tool rε ≥ ap. The feed rate and the cutting depth were constant during experimental testing. Metco 
52C - NS spraying was performed without cooling. 

 

Figure 2 Scheme of the Machining System 

Table 4 Experimental Cutting Parameters 

Cutting parameters 1. Test 2. Test 3. Test 4. Test 

Cutting Speed - vc (m·min-1) 152 304 457 56.4 

Depth of Cut - ap (mm) 0.2 0.2 0.2 0.05 

Feed - f (mm) 0.14 0.14 0.14 0.06 

6. EXPERIMENTAL MEASUREMENT AND EVALUATION 

The experimental activity deals with the determination of the size of the cutting forces applied to the Metco 
52C - NS applied casting layer depending on the selected machining parameters and the radius of the rounding 
of the tip of the cutting tool. Measurement of the cutting force components was performed using a KISTLER 
9257B dynamometer and converted using a KISTLER type 5070 amplitude amplifier. The measured load 
curves were filtered to remove the high oscillation frequency. Excessive oscillation of the system was due to 
the already mentioned porous structure of the applied Metco 52C-NS. To determine the components of the 
cutting force, the maximum values measured during the steady load section were selected. The individual load 
force components are given in absolute values due to the orientation of the measurement on the dynamometer. 
After machining the Metco 52C - NS coating, a visual inspection was performed to determine the occurrence 
of defective quality and to measure the surface roughness. Measuring the surface roughness of thermal sprays 
is very problematic due to the amount of pores that occur on the surface. The resulting pores are so deep that 
the results obtained by the touch measurement method are not always relevant and may be distorted. Surface 
roughness measurements were performed to compare the quality of the surface to be machined at the change 
in cutting speeds, provided that the pores are evenly spaced and the results are affected equally. The 
roughness of the surface was measured in the middle of the applied layer so that the results were not affected 
by the marginal parts where the defects occurred due to the application of the coating. From the measured 
values of the roughness parameter Ra, the highest and lowest measured values were deleted for objectivity. 
The arithmetic mean was determined from the remaining values. 
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Table 5 Measured Values at Proposed Machining Parameters 

Metco 52C - NS 

Test 1 

vc 
(m·min-1) 

f 
(mm) 

ap 
(mm) 

Fc 
(N) 

Fp 
(N) 

Ff 
(N) 

Ra 
(µm) 

152 0.14 0.2 40.47 5.69 9.83 1.94 

 

Test 2 

vc 
(m·min-1) 

f 
(mm) 

ap 
(mm) 

Fc 
(N) 

Fp 
(N) 

Ff 
(N) 

Ra 
(µm) 

304 0.14 0.2 42.69 10.19 9.06 1.82 

 

Test 3 
vc 

(m·min-1) 
f 

(mm) 
ap 

(mm) 
Fc 
(N) 

Fp 
(N) 

Ff 
(N) 

Ra 
(µm) 

457 0.14 0.2 46.81 17.04 16.83 2.09 
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Table 6 Measured Values for Machining Parameters Recommended by the Manufacturer 

Metco 52C - NS 

Test 4 

vc 
(m·min-1) 

f 
(mm) 

ap 
(mm) 

Fc 
(N) 

Fp 
(N) 

Ff 
(N) 

Ra 
(µm) 

56.4 0.06 0.05 6.27 1.22 0.73 1.47 

 

7. CONCLUSION 

At present, thermal sprays are a modern technology that produces effective coatings, the application of which 
increases the resistance to stress and also the life of the machine components. The application of hot sprays 
is rapidly expanding and is now mainly used for aerospace applications. Depending on the type of thermal 
spraying used, different properties can be achieved with components. The Metco 52C - NS test spray is one 
of the reusable thermal sprays that serve as sealing coats for sealing the rotating parts. However, the correct 
functionality of thermally sprayed coatings depends on the correct choice of the additional editing technology. 
During the machining, it is necessary to take into account the lamellar structure of the spraying, the granularity, 
the considerable porosity and the occurrence of different hard and brittle phases. Incorrect choice of machining 
parameters could result in a reduction in the surface quality of the coating applied. When choosing them, it is 
also necessary to consider the adhesion of the coatings and the mechanical anchoring component. The size 
of the anchoring component should not be exceeded due to cutting resistance during machining in order to 
prevent the layers of the applied coating from being detached from the substrate and its damage. 

Experimental activity was based on the comparison of the proposed parameters of the Metco 52C - NS thermal 
spraying with parameters recommended by the spray producer. A cutting tool, tool geometry, and cutting 
conditions were designed for machining the spraying. The criterion for determining more suitable parameters 
was the size of the force load and the quality of the machined surface. Based on the tests, measured results 
and visual inspection after the surface treatment of the Metco 52C - NS, it can be concluded that the range of 
the proposed cutting speeds was satisfactory for the surface quality achieved. At a cutting speed of 152 m·min-

1 and selected tool tip, the trace of the cutting tool was completely minimized on the surface of the coating and 
the coating showed no signs of damage. Increasing cutting speed also increased the load but did not cause 
visible damage to the applied coating. At a speed of 304 m·min-1, the lowest value of the Ra parameter was 
reached, but the coating began to be visibly coloured due to thermal stress. At a cutting speed of 457 m·min-

1, the load on the coating increased to the extent that it caused partial eruption. The coating has significantly 
changed colour due to thermal stress, which is totally unacceptable for quality assessment in the aviation 
industry. By machining the parameters recommended by the manufacturer, a much lower coating load was 
measured, which was mainly due to the setting of very low cutting parameters. Under these conditions, a 
slightly better surface roughness was measured, but much lower machining productivity was achieved 
compared to the proposed parameters. It follows that the parameters recommended by the manufacturer of 
the spraying can be several times higher without causing damage to the coating. 
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Abstract 

Electrical discharge machining (EDM) is precision method of manufacturing complex shape with conductive 
materials, which is widely used in aerospace, automotive and mold making industries. In EDM material is 
removing with the series discharges occurring in the gap between two electrodes. Resulting of thermal removal 
process are specific properties of surface roughness, metallurgical transformations and micro-cracking. This 
paper is considered on influence of electrical discharge energy on surface integrity. Properties of surface 
texture and microstructure of tool steel 1.2713 after EDM was described. The experiments were conducted 
using copper electrode while varying discharge current, pulse duration and pulse interval. Observations of 
metallographic structure show that discharge energy have a strong influence on thickness of recast layer and 
heat effect zone. The effect of the parameters of EDM process on surface integrity was described and 
discussed. 

Keywords: Electrical discharge machining, EDM, surface roughness, discharge energy, metallographic  
         structure 

1. INTRODUCTION  

Modern technology enhances the reliability of machines and parts through proper surface quality. Electrical 
discharge machining (EDM) is precision method of manufacturing hard, complex shape, conductive materials. 
EDM is the nonconventional technique of producing parts such as injection molds, forging, aircraft parts. The 
EDM process involves the removal of material from the workpiece due to series of electrical discharges 
occurring between the workpiece and the work electrode [6, 7]. The electrodes are immersed in the dielectric 
fluid. The quality of surface after EDM process does not always meet the expectations. It is necessary to use 
additional technological operations improving properties of the surface layer, which in consequence leads to 
an increase in manufacturing costs [1, 2, 5]. The quality of surface layers is one of the most important factors 
determining its ability to various operating requirements: abrasion resistance, hardness, corrosion resistance, 
resistance to thermal shocks, coating quality and more [3, 23]. The elimination of the disadvantages of the 
surface integrity of EDM materials can be realized by: electro discharge mechanical alloying [12, 19, 20], use 
of powders in dielectric [8, 18, 21], laser surface modification [11], or use of additional processing polishing 
surface [13]. Research on electrical discharge machining processes conducted at scientific centers around the 
world is primarily aimed at increasing the efficiency of machining while ensuring a specific surface integrity [4, 
9, 10,14-17, 22]. However, influence of discharge pulse energy on the surface integrity are not enough 
described. In this paper the effect of discharge pulse energy on surface integrity of tool steel 1.2713 was 
investigated and discussed.  

2. EXPERIMNENTAL SET UP 

The purpose of the experimental research was to determine influence of electrical discharge pulse energy on 
the surface integrity tool steel 1.2713. This type of material was chosen because of its wide range of 
applications on die matrices, matrices inserts, hydraulic and mechanical press dies, which are primarily 
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manufactured using EDM. Tool steel 1.2171 is characterized by high dimensional stability and cracks 
resistance with dynamically changing pressures and rapid heating and cooling during operation. Experimental 
investigations were carried out on the EDM machine of Charmilles Form 2LC ZNC. The machined samples 
steel 1.2713 hardened up to 52 HRC has dimensions of 12 x 12 x 3 mm, electrode was copper and commercial 
EDM fluid 108 MP-SE 60 was used as the dielectric. Investigation of surface integrity of tool steel 1.2713 after 
EDM process included analyses of surface texture and metallographic structure. Roughness parameters were 
measurements on the form Talysurf series 2 scanning profilometer and microscopic observations was carried 
out on Nikon optic microscope.  

Measurement circuit has been developed to determine the current-voltage characteristics of generators 
machines. Conducted experimental research analyzed pulse current and voltage which was recorded in the 
memory of the oscilloscope card. Application developed in LabView environment was responsible for control 
of oscilloscope and transferring recorded data to the computer’s hard disk, in a continuous process of EDM. 
Investigated machining conditions of electrical discharge was: pulse current in the range Ic = 3 - 14.3 A, pulse 
duration in the range ton = 13 - 400 µs, pulse interval in the range toff = 11 - 170 µs. The rest of parameters of 
electrical impulses were hold constants: open voltage U0 - 225 V, discharge voltage Uc - 25 V. 

3. RESULTS AND DISCUSSION 

The process of removing material from the work surface is completely different from traditional machining 
methods. The processes occurring during EDM: thermal, chemical and mechanical are the causes of the 
specific surface properties, which is characterized by the following features. Other part of the surface layer - 
the surface texture is formed by overlapping traces of individual electrical discharges a new metallographic 
structure of the surface is formed. Microstructure defects occur in the form of micro-cracks. 

3.1. Surface texture 

The surface texture after EDM is formed by the overlap of individual electric discharge and is random. 
Depending on the pulse energy, there are significant differences in its properties. The shape and depth of 
individual craters depend primarily on the machining parameters used: current, pulse duration, time interval, 
discharge voltage. The 3D analysis (Figure1) of the surface obtained after EDM for roughing and finishing 
operations shows that the shape of the resulting roughness is a direct result of the applied parameters.  

a)                                                                             b) 

 

Figure 1 Surface texture after EDM: (a) Ic = 14.3 A, ton = 400 μs, toff = 150 μs, E = 172 mJ,  
(b) Ic = 3.2 A, ton = 13 μs, toff = 11 μs, E = 1.2 mJ 
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The discharge voltage Uc has a main influence on the ionization of the channel through which the current flows. 
For higher discharge voltage, it is possible to set a larger gap between electrodes and thereby facilitate its 
rinsing and draining of the dielectric products. Discharge current Ic directly affects the amount of eroded 
material. Maximum current values are used for roughing to ensure proper process performance. Depending 
on the material of the working electrode, the maximum current density should not exceed 15 A / cm2 for copper 
electrodes and 25 A / cm2 for graphite electrodes. Pulse duration ton associated with the current determines 
the amount of thermal energy delivered to the workpiece. With the increase in pulse duration and current, both 
the diameter and the depth of the craters increase. Time interval toff is responsible for stabilizing conditions in 
the gap (remove erosion products, deionization of the discharge channel).  

Analyses of influence discharge energy on roughness parameters Ra shows (Figure 2) that the parameters 
of the roughness are mainly dependent on the value of electric discharge energy. With the increased discharge 
energy roughness parameter Ra is increasing. However, these relations are not directly proportional. At low 
currents (about 3 A) increasing the pulse time (and therefore energy) does not result in a significant increase 
in the Ra parameter. With the same current and with the increasing the pulse time ton, only the diameter of 
craters changed but the value of Ra not changed. With the increasing pulse duration and current, the diameter 
and the depth of the craters increase. Heat generated in the discharge are delivered to the workpiece and 
causes melting and evaporation more volume of material. 

 
Figure 2 Influence of energy on surface roughness 

3.2. Metallurgy structure 

EDM is characterized by the impact local thermal processes, resulting change in the surface layer. Based on 
microscopic studies, three characteristic sublayers have been identified (Figure 3): external melting (white 
layer), heat affected zone (HAZ - which are visible in the form of a light structure directly under the white layer) 
and tempered layer. The white layer (Wl) is formed by melting and rapidly solidifying the thin metal layer on 
the surface of the crater. The white layer in its structure may has a chemical decomposition both the core 
material and the working electrode. This is due to the process of electric discharge, which results in the melting 
and evaporation of both the workpiece and the working electrode. Under the white layer is heat affected zone, 
with increased hardness relative to the core material. This layer is built of martensite and residual austenite. 
The resulting structure formed by the diffusion of carbon from the pyrolysis of the oil and rapid heat dissipation. 
Under the HAZ, there is a tempered zone. The tempered layer is formed by influence of discharge energy 
which causing heating of this material zone and then it’s cooling by transport the heat to the bulk. Occurrence 
of individual layers was observed for all samples. 
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Figure 3 Metallographic structure after EDM process 

The basic elements of the metallographic structure which have influence on properties of surface integrity are 
the thickness of the white layer. The thickness of the white layer was measured in 10 sections for each of the 
samples. Influence of discharge energy on the thickness white layer show Figure 4. The white layer is 
characterized by high variations in thickness (from 3 μm to 28 μm). The average thickness of the white layer 
depends mainly on the amount of thermal energy supplied to the workpiece. Increasing the amplitude of the 
current at the lowest pulse time does not significantly change the Wl thickness. This is due to the small amount 
of eroded material. With grow of discharge energy E increase the amount of melted and evaporated material. 
As a consequence, more molten material which is not remove from the crater, re-solidifies on the surface. 

 
Figure 4 Influence of energy on thickness of the white layer 

Electrical discharges lead to local melting, material evaporation, removal of erosion products and rapid re-
solidification of the molten metal. The described processes caused to the generation of typical microstructure 
defects of material such as micro-cracks. Their cause is the thermal stress generated by the effects of thermal 
energy electric discharge. The molten material is "ejected" from the plasma channel, while a thin layer of 
molten metal remains on the surface of the material core at a much lower temperature. As a result of the 
cooling and solidification of the molten layer, a shrinkage is produced which resist the core material and 
consequently generates tensile stresses. Exceeding the maximum tensile strength of the material cause micro-
cracks (Figure 5). Micro cracks are an undesirable effect, resulting in reduced fatigue resistance and corrosion 
resistance. Based on the analysis of images of the metallographic structure of the surface after EDM, micro-
cracks have been found on the surface of the crater and are usually directed perpendicular to the HAZ. Micro-
cracks in most cases propagate to the end of the white layer. In rare cases, a propagation crack has been 
observed penetrating into the core of the material.  
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Figure 5 Metallographic structure - micro cracks in the white layer for machining parameters: 

Uc = 25 V, Ic = 3.2 A, ton = 206 µs  

4. CONCLUSIONS 

Experimental studies and their analysis show that the main factors influencing the surface texture after EDM 
is the discharge energy. For short pulse times and the smallest current values, the surface texture is 
characterized by a high density of vertices. The increase in current and pulse time increases the diameter and 
power of the discharge channel. Its leading to the generation of roughness of much greater height and distance 
between the individual vertices. The surface texture after EDM is isotropic. It is possible to obtain remaining 
surface texture properties by appropriately selecting the process parameters of electrical impulses. The time 
interval between pulses does not significantly affect the change in surface texture properties, but it plays an 
important role in the stability of the process. Too short time interval in relation to pulse duration and current 
values may inhibit removal product of erosions from the gap. Their concentration reduces the dielectric 
resistance and causes a locally increased number of electrical discharges. 

On the basis of microscopic studies, three characteristic layers were found: white layer, heat affected zone 
(HAZ), and tempered layer. Thickness of white layer depends of the discharge energy, and increase with 
increasing discharge energy. 

Micro-cracks are typical defects of surface integrity after EDM process. In most cases micro-cracks propagate 
to the end of the white layer.  
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Abstract 

This work experimentally evaluates the effects of chemical composition, particularly the amount of silicon 
on the quality of the applied coating technology of hot dip galvanizing. The experiment is aimed at determining 
the microstructure, thickness and quality of the zinc layer on the test samples of different steel grades. For the 
experiment there were selected structural steels S235JR and S355J2 with low silicon content. High strength 
steel S690QL with higher silicon content was chosen for comparison. 

Results of independent measurements of coating thickness using optical microscopy and magnetic method 
indicate only minimal differences between steel S235JR and S355J2. Steel S690QL exhibits thick and uneven 
layer of the zinc. Steel S690QL should be evaluated as unsatisfactory type of steel for hot-dip galvanizing. 

Keywords: Zinc Layer, GDOES, Optical Microscopy, Steel S690QL 

1. INTRODUCTION 

Hot galvanizing technology involves the creation of hot-dip zinc alloy coating on the surface of the steel 
component. This technology is a complex process of diffusion, elementary metallurgical reactions and 
thermodynamic changes [1]. 

Steel products free from grease, mill scale, rust and other impurities are immersed in galvanizing baths 
containing molten zinc. In the bath, the coating comprises several layers composed of the Fe-Zn phases (with 
an outer layer of pure zinc) on the steel surface within a few minutes. Hot dip galvanizing is one of the most 
common methods of coating metals for long lasting corrosion protection [2]. 

Steels selected for the experiment belong to the group of structural steels. Especially grades S235 and S355 
are among the most widely used construction materials for welding and assembly of steel structures. 
Both grades belong among the steels which are not alloyed with silicon and are most often hot-dip coated. 
Conversely, high-strength quenched and tempered steel S690QL with increased silicon content was chosen 
to assess its impact on the quality of the zinc layer. This steel has recently been used for highly stressed 
welded structures (e.g. bridges, reservoirs, water tanks, cranes etc.) operating at normal and especially at low 
temperatures. 

Another aim of this work was to verify the ability of the magnetic method for determining the thickness of zinc 
coating. 

2. THEORETICAL 

The precondition for achieving well galvanized layer is a complete wetting of the surface in zinc melt. 
Components for zinc coating are subjected to a chemical pre-treatment for achieving a clean metallic surface 
and for its activating. Steel is primarily degreased in the degreasing bath and then pickled in the pickling bath. 
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Pickling results in the removal of oxides, scale and corrosion products from the surface. The flux is applied on 
the surface prior to dipping into the bath. In the dry process (exploited in this work), the material is immersed 
in a flux bath and subsequently it is dried. After that, the batch is placed into the zinc bath [2]. 

Structure of hot-dip galvanized coating 

Metallurgical reaction of iron and zinc are very sensitive to various influences. There is a significant influence 
of chemical composition (contents of Si, P, S, Mn, C, Al, Al, Sn, Ni, Pb, Bi [2]), the structure of the steel and 
also the technology parameters of hot dip galvanizing. Galvanized coating then forms various structures 
(Figure 1). 

 
Figure 1 Structure of hot-dip galvanized coating [3] 

The chemical composition of the substrate greatly affects the structure of the newly created surface. 
If the wrong type of steel which is characterized by higher contents of silicon and phosphorus is selected, there 
is a rapid increase of grains and so called Sandelin or Sebisty structure is created. This creates a thick and 
irregular layer of unsightly zinc coating, which significantly reduces its lifetime. The layer of zinc has a lower 
adhesion and it is uneven. 

Robert W. Sandelin studied silicon content in hot-dip galvanized steel, and the result of his work was that 
for steel with silicon content higher than 0.03 wt. % there is a sharp increase in the zinc coating thickness [4]. 
Further research of John J. Sebisty developed theories regarding the exceedance of Sandelin area (i.e. 0.03 
to 0.12 wt. % Si), when the coating thickness decreases temporarily with increasing silicon content. 
The coating thickness increases again with silicon content increasing above 0.25 wt. % (Figure 2) [5]. 

 
Figure 2 Sandelin diagram 
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Phosphorus has similar effects as silicon. Effect of phosphorus on the hot-dip galvanizing is apparent in steels 
with silicon content up to 0.03 %. In order to prevent negative effects of Si and P and thus create high-quality 
hot dip zinc coating, it is necessary to satisfy the basic condition [1]: 

푆푖 + 2.5 푃 <  0.09 (1) 

where:  푆푖 silicon content (wt. %) 
푃 phosphorus content (wt. %). 

3. EXPERIMENTAL 

3.1. Experimental materials 

Three types of steel were selected for the experiment: S235 a S355 a S690QL. Their chemical composition 
was determined by GDOES (see Table 1). Samples with 100 x 75 x 15 mm dimensions were galvanized 
together under the same galvanizing parameters. The samples were hung on the same crane, dipped 
in the same baths with the same dive time. The samples underwent standard dry galvanizing process including 
degreasing, pickling and rinsing. Then the samples were dipped in a flux solution, placed in a drying oven and 
subsequently they were immersed into the zinc bath for 300 seconds. Afterwards the air cooling was carried 
out, wherein the zinc coatings have matured 48 hours. 

Table 1 The chemical composition of the samples determined by GDOES 
 C (%) Mn (%) Si (%) P (%) S (%) Cr (%) Ni (%) Mo (%) Cu (%) 

S235JR 0.109 0.994 0.015 0.013 0.008 0.033 0.014 <0.001 0.025 

S355J2 0.138 1.75 0.018 0.010 0.005 0.031 0.013 <0.001 0.013 

S690QL 0.099 1.45 0.347 0.012 <0.001 0.081 0.038 0.117 0.040 

 
 Ti (%) Co (%) B (%) Pb (%) V (%) W (%) Zr (%) Al (%) 

 
S235JR <0.001 0.005 <0.001 0.002 <0.001 <0.001 0.002 0.053 

S355J2 0.017 0.017 <0.001 <0.001 0.003 <0.001 0.003 0.055 

S690QL 0.001 0.007 <0.001 0.002 <0.001 <0.001 0.002 0.074 

3.2. Calculation of steel applicability galvanizing factors according to EN ISO 1461 

Based on the chemical composition of the sample material (see Table 1) the so-called steel applicability 
galvanizing factors (see Table 2) were calculated using formula 1. On the basis of chemical composition, 
structural steel S235 and S355 can be considered very suitable for hot dip galvanizing. Conversely, 
the S690QL steel is inappropriate. 

Table 2 Estimated applicability of steels for hot dip galvanizing 

Steel Factor 푺풊 + ퟐ. ퟓ 푷 Evaluation 

S235JR 0.0475 The steel is suitable for hot dip galvanizing 

S355J2 0.0430 The steel is suitable for hot dip galvanizing 

S690QL 0.3770 The steel is not suitable for hot dip galvanizing 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1459 

3.3. Experimental methods 

Glow discharge optical emission spectrometry (GDOES) 

The average chemical composition of the base material sample was determined by "bulk" analysis on glow 
discharge optical emission spectrometer Spectruma Analytik GmbH (Model GDA 750) under the excitation 
conditions of 700 V and 35 mA. 

Magnetic method 

Measurements of zinc coating were performed using a thickness gauge QUANIX 4200. All of the 
measurements of the samples were carried out 10 times, at least 10 mm from the burnt edge. Tested samples 
could not therefore be affected due to high temperatures used during oxy-fuel cutting. 

Optical microscopy 

Optical microscope Neophot 21 (operated at the Faculty of Mechanical Engineering) was used to determine 
the thickness of the zinc layer. The samples were embedded in resin and exposed to a standard grinding and 
polishing. Subsequently, they were analyzed in cross sections. 

4. RESULTS 

4.1. Results of magnetic method 

Measurements showed clear differences in both the thickness of the zinc coating layer and the scattering in the 
measured values. S235JR and S355J2 steels have uniform zinc coating layer relative to the measured area 
of the sample. In the case of S690QL steel, there is a significant unevenness of coating thickness. 

The thickness of the zinc layer on the S235JR steel was measured in the range from 66 to 72 microns; 
the average value was 69 microns. Measured thickness of the zinc layer on the S355J2 steel was in the range 
from 73 to 82 microns; the average value was 78 microns. Mean thickness of the zinc layer was about 
9 microns larger compared to S235JR steel. A small increase in zinc coating can be attributed to higher levels 
of silicon in S355J2 steel. 

However, the measurement results of S235 and S355 steels are insignificant compared to the measurement 
results of S690QL steel. On this steel, coating thickness in the range from 245 to 284 microns was measured; 
average value 260 microns. From these results, the increase in the zinc layer of about 200 microns compared 
to steels with low silicon content is evident. 

Table 3 Observed thickness of the zinc coating on steel samples using magnetic method 

 

 

The thickness of the zinc layer (µm) 

1 2 3 4 5 6 7 8 9 10 average 

S235JR 68 69 66 68 70 69 71 70 68 72 69 

S355J2 77 80 82 79 78 80 79 81 73 75 78 

S690QL 245 256 259 260 252 267 262 254 258 284 260 

4.2. Results of optical microscopy 

Measurement of metallographic cross section of common structural steel S235JR (Figure 3) was performed 
in ten spots, zinc layer thickness ranged from 59 to 67 microns. Zinc coating reached a thickness of 63 microns 
on average. 
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The results of metallographic measurement of S355J2 steel (Figure 4) show the layer thickness in the range 
from 73 to 81 microns; 76 microns in average. The figure shows the increase of η phase compared with 
S235JR steel. 

Thickness of the zinc coating on the S690QL steel (Figure 5) ranged from 238 to 267 microns. The average 
value of all measurements was 255 microns. In this sample, a very uneven ζ phase, forming a layer 
of consistent crystals, can also be observed. 

 

Figure 3 Metallographic cross section of S235JR steel, including the measurement of the zinc layer  

 

Figure 4 Metallographic cross section of S355J2 steel, including the measurement of the zinc layer  

 
Figure 5 Metallographic cross section of S690QL steel, including the measurement of the zinc layer  
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4. DISCUSSION 

Table 4 shows the average values of the measured thicknesses of the zinc layer of all three samples from the 
records of the two methods. The table shows that the magnetic method produces similar results as optical 
microscopy. 

Table 4 Thickness of the zinc layer observed on the steel samples 

Used steel 
Thickness of the zinc layer (μm) 

Magnetic method Optical microscopy 

S235JR 69 63 

S355J2 78 76 

S690QL 260 255 

Regarding the quality of the zinc coating, the prerequisites resulting from Sandelin principle have been met. 
For steels with silicon content below 0.02 %, a coating less than 100 microns thick was formed during hot dip 
galvanizing, which is fully satisfactory. Conversely, on the sample with the Si content of 0.347 wt. %, a much 
larger and therefore inconvenient Zn coating layer was formed. 

5.  CONCLUSION 

S235JR and S355J2 steels which are not alloyed with silicon showed satisfactory thickness and structure 
of the zinc coating. Sandelin principle was confirmed for S690QL steel. This steel is not appropriate for hot dip 
galvanizing. 

Magnetic method showed similar results as optical microscopy, but with a wider scattering of the measured 
values. This measurement can be recommended to determine the thickness of the zinc layer on hot dip 
galvanized metal sheets in the galvanizing plant. 
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Abstract  

The results of corrosion resistance of aluminum alloy 5754 used as a construction material in the automotive 
industry has been presented in the paper. The samples of aluminum alloy were exposed to acetic salt spray, 
containing copper chloride as a corrosion initiator, according to ISO 9227: 2012 and the following methods: 
linear polarization, potentiodynamic cyclic voltametry according to PN-EN ISO 10271: 2012 and impedance 
spectroscopy according to PN-EN ISO 16773: 2009. In order to correlate the tests as a corrosive environment 
at temperature 50 °C acetic salt solution was used. Obtained results have been developed in terms of corrosion 
mechanism, extension and type of acetic corrosive environment. It has been found that tested material is not 
resistant to corrosion in a acetic acid corrosion environment. The literature research shows that aluminum alloy 
5754 has good corrosion resistance properties which are required for many structural components in the 
automotive industry. 

Keywords: Corrosion resistance, salt chamber, electrochemical research, impedance spectroscopy,  
          aluminum alloy 

1. INTRODUCTION 

Automotive materials can have an important impact on the environment. The use of lightweight materials can 
help reduce vehicle weight and improve fuel economy. Automotive manufacturers are making efforts to reduce 
vehicle weight which may lead to a gradual decrease in the amount of steel and cast iron used in vehicle and 
the corresponding increase in the amount of alternative materials like aluminum and plastics. Recently, 
development effort to apply wrought aluminum is becoming more active than applying aluminum castings. 
Forged wheels have been used where the loading conditions are more extreme and where higher mechanical 
properties are required. Wrought aluminum is also finding applications in heat shields, bumper reinforcements, 
air bag housings, pneumatic systems, sumps, seat frames, side impact panels, to mention but a few. Aluminum 
alloys have also found extensive application in heat exchangers [1, 2]. 

Aluminum is actually a very active metal meaning that its nature is to oxidize very quickly. When oxygen is 
present in the air, soil or water aluminum instantly reacts to form aluminum oxide. The aluminum oxide layer 
is chemically bound to the surface and it seals the core aluminum from any further reaction. Aluminum`s oxide 
film is tenacious, hard and instantly self-renewing. Therefore, aluminum has excellent corrosion resistance in 
a wide range of water and soil conditions because of the tough oxide film that is formed on its surface. Although 
aluminum has a huge advantage when compared to other metals, it is not always completely impervious to 
corrosion. Its protective oxide layer can become unstable when exposed to extreme pH levels. When the 
environment is highly acidic or basic, breakdown of the protective layer can occur and its automatic renewal 
may not be fast enough to prevent corrosion [3]. 

Pitting corrosion is defined as localized accelerated dissolution of metals that occurs as a result of a breakdown 
of the protective passive film on the alloy surface. In an aggressive environment, typically containing halide 
ions, pits initiate and grow in an autocatalytic manner, where the local environment within the pits becomes 
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more aggressive because of decrease in pH and increase in chloride concentration, which further accelerates 
the pit growth. The pit growth usually takes a variety of shapes, simply divided into isotropic and anisotropic 
groups. If are anisotropic and are called microstructural orientated pitting. The variation in pit shape could 
mainly depend on the microstructure of metals or alloys such as alloy composition and aspect ratio of grains. 
Even though there are some differences in pitting corrosion between stainless steels and Al alloys, for example 
hydrogen bubbles form at the active pit surface in Al alloys, both materials basically share a similar mechanism. 
In general, pitting corrosion involves three stages: pitting initiation, metastable pitting, and pitting growth. 
Addition of alloying elements can significantly increase the mechanical strength of Al alloys by precipitation 
hardening. Due to the limited solubility of many elements of aluminium, alloying elements are often distributed 
not only in the Al solid solution but also in fine precipitates and coarse intermetallic particles. It plays a crucial 
role in corrosion behaviour of Al alloys. The micro galvanic coupling between the matrix and intermetallic 
particles is generally believed to result in pitting corrosion and further develop intergranular cracking into the 
deep structure of Al alloys. Zn, Mg and Cu as alloying elements have different effects on the pitting potential, 
on passivation potential and dissolution kinetics of Al alloys. Thus there was no influence of Mg on pitting 
corrosion, little or no effect on the repassivation potential by changing the dissolution kinetics [4, 5]. 

The results of corrosion studies of alloy 5754 gat. PA11 were presented. The objective of the study was to 
evaluate the alloy Al-Mg for corrosion resistance tests. The alloy according to literature has average tensile 
strength, high fatigue strength and high resistance to industrial corrosion atmosphere and marine condition. 
Thus, it is used in many industries for example: shipbuilding, chemical, food, nuclear, building and automotive 
industry.  

2. TESTED MATERIAL 

The aluminum alloy 5754 (EN AW-5754, PN PA11, ISO AlMg3) was selected for the research in form of sheet-
metal, 1000 x 2000 mm size and 1 mm thickness. The chemical composition of tested alloy included: 95.5 % 
Al, 3.3 % Mg, 0.34 % Fe, 0.23 % Mn, 0.19 % Si, 0.11 % Zn, 0.037 % Cu, 0.029 % Cr, 0.023 % Ti, 0.01 % Ni, 
0.01 % Pb. The results were obtained by use of Spectrometer WD-XRF (X-ray fluorescence with wavelength 
dispersion) ZSX type Promus II, produced by Rigaku company.  

The aluminum alloy 5754 was studied for corrosion resistance in salt spray chamber and accelerated 
electrochemical tests. The material was subject to metallographic assesment (Figure 1), hardness 
measurement by Brinell method according to PN-EN ISO 6506-1:2014 [6] and measurement of surface 
roughness according to PN-EN ISO 4288:2011 [7] to correlate the corrosion results with the material 
parameters. The hardness measurements were made in five places. The average values with the standard 
deviation were calculated. The result presents as follows: 58.2 ± 1.0 HBW 2.5/62.5. The measurements of 
surface roughness were made in fifteen palces by using contact profilometer with elementary section 0.8 mm 
and measuring section 4 mm. The average values of Ra (arithmetical mean roughness value), Rz (mean 
roughness depth) and Rt (total height of the roughness profile) with uncertainty of measurement ± 0.02 µm 
were calculated. The results present as follows: Ra 0.4 µm, Rz 2.5 µm, Rt 3.3 µm. 

a)  b)  c)  

Figure 1 The intermetallic precipitates at SEM microscope magnification a) 250x, b) 1000x, c) 5000x 
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The analysis of the material in the SEM microscope shows the places with intermetallic precipitates phase 
(Figure 1). The black areas, like in Figure 1c, indicate the presence of silicon whereas white areas shows iron 
and manganese presence. The rest of surface that looks chemical homogeneous contain 1.45 % O, 3.21 % 
Mg and 95.34 % Al. 

3. INVESTIGATION METHOD AND ANALYSIS RESULTS 

3.1. Resistance to acetic acid salt spray test - CASS Test 

The copper-accelerated acetic acid salt spray test is the method in which an acidified 5 % NaCl solution with 
the addition of copper chloride and acetic acid is atomized under controlled environment. The test consists in 
subjecting test specimen (plates 70 x 140 x 1 mm) to continuous operation salt spray produced by spraying 
solution at temperature 50 °C and pressure 1 bar. The solution concentration of salts were 50 g / l NaCl and 
0.26 g / l CuCl2·2H2O in deionized water with conductivity lower than 20 µS / cm. The pH of the initial solution 
was 3.1 by adding of acidic acid. Before conducting the CASS test the corrosivity of the chamber was tested. 
Thus, the loss of mass of the steel reference specimens (after 24 h of the test average weight loss of the plates 
under angel 25° was 55 ± 15 g / m2) was checked and amounted to 47 g / m2. The determination of the 
corrosive level of the chamber is designed to check the correct operation of the chamber, the reproducibility 
and repeatability of test results. In addition, pluviometric constant was fixed at 1.2 ml / h (the collection of salt 
spray for a minimum 16 h test should be in the range of 1.5 ± 0.5 ml / h). Test specimens of aluminium alloy 
5754 have been tested in salt chamber for 144 hours. Plates no. 6.1-6 were removed from the chamber every 
24 h. The interpretation of the results was based on visual appearance of plates surface with pitting corrosion. 
Corrosion results have been presented in Figure 2. 

The analysis of pitting corrosion was carried out according to PN-EN ISO 11463:2010 [8]. On the surface of 
plate no. 6.1 pits occur with density 5 x 104 / m2 and depth 0.1 mm. Plates no. 6.2-6 show intensive propagation 
of existing pitting corrosion areas. 

 
Figure 2 The visual appearance of plates surface with pitting corrosion 

3.2. Electrochemical corrosion test 

The electrochemical research of corrosion resistance was based on potentiostatic, potentiodynamic and 
impedance spectroscopy method in aceti acid corrosive solution (5 % NaCl with CuCl2) oxygenated as a result 
of free contact with air at 50 ºC. The research was done by use of PGSTST302N potentiostat, no. AUT83628 
produced by ECO CHEMIE B.V. company. The instrument cooperates with program recording progress of 
study. The research was carried out in relation to the reference electrode. It was silver / silver chloride electrode 
(Ag, AgCl/Cl-) of + 222.4 mV potential compared to NEW at T = 25ºC. The study was conducted by use of 
linear polarization method (with potential ranging from -0.1 V to 0.1 V, with 1 mA current, scanning rate 0.001 V 
/ s), cyclic voltammetric method (in the range from -1.0 V to 1.6 V potential, scanning rate 0.1 V / s) and 
impedance spectroscopy (in the range from 10 mHz to 100 kHz frequency, amplitude 20 mV). 
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The results of research were calculated in Nova 1.7 software. The following parameters, as average of ten 
measurements, were established: open circuit potential OCP, corrosion potential ECor, corrosion current 
density jCor, corrosion rate Vp and polarization resistance Rp. All parameters were calculated for the 
electrochemical equivalent 9.08 g / mol, density 2.68 g / cm3 and tested area of surface was calculated 
individually for each sample. Table 1 presents the measurement results of corrosion resistance in acetic acid 
corrosive solution (5 % NaCl with CuCl2) at 50°C. The example of the polarization curve and potentiodynamic 
cyclic voltammetric curve in acetic acid solution at 50 °C is presented in Figure 3. The analysis of the material 
after electrochemical corrosion test in the SEM microscope shows Figure 4. The products of corrosion that 
appeared on surface included: 59.8 % Al, 38.14 % O, 1.44 % Mg and 0.62 % Si.  

Table 1 The measurement results of corrosion resistance of aluminum alloy 5754 in acetic acid solution 

Established parameters aluminum alloy 5754 

OCP (V) -0.712 

Ecor (mV) -704.73 

jcor (µA / cm2) 288.12 

Vp (mm / rok) 3.19 

Rp (Ω / cm2) 31.89 

a)  

b)  

Figure 3 Examples of a) the polarization curve, b) the potentiodynamic cyclic voltammetric 
curve of aluminum alloy 5754 in acetic acid solution 
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a)  b)  c)  

Figure 4 The surface of aluminum after electrochemical test with products of corrosion, magnification 
a) 50x, b) 200x, c) 1000x 

The electrochemical impedance spectroscopy technique (EIS) can provide information about the 
electrochemical investigation process occurring on the surface of the test sample. The measurements were 
carried out in the frequency range from 10 mHz to 100 kHz by stimulating the sample with sinusoidal current 
of 20 mV amplitude. The measurement value during the EIS test is the impedance of the test electrode - 
sample of aluminum alloy 5754. The impedance is characterized by two values which are presented as the 
dependence of the real part of Z` impedance and the imaginary part of Z`` impedance (Nyquist diagram). 
Based on the impedance measurements obtained, parameters have been received: Rp 1.07 Ω / cm2 
(resistance associated with the transfer of charge across the boundary sample of aluminum - acetic acid 
solution), Rs 5.42 Ω / cm2 (resistance of acetic acid solution) and CPE 17.4 μf (capacitance of a fixed-phase 
element associated with the double electrical layer). Substitute electrical system was used to analyze 
experimental data of corrosion system presented in Figure 5 and the spectrum impedance for the substitute 
system is shown in Figure 6. 

 
Figure 5 Model of substitute electrical system for combination aluminum alloy - acetic acid solution 

a)  b)  

Figure 6 Spectrum impedance for substitute electrical system a) Nyquist diagram, b) Bode diagram 
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4. SUMMARY AND CONCLUSIONS 

Based on the results, it can be concluded that aluminum alloy 5754 tends to produce a passive protective layer 
which is rapidly dissolved in the acetic acid solution. It is presented in Figure 3. The observations confirm the 
value of corrosion rate in that case amounts to 3.19 mm / year. During corrosion tests the pitting corrosion of 
aluminum alloy 5754 simultaneous lack of spontaneous repassivation of the formed pits was observed. The 
intermetallic precipitates such as silicon or iron-manganese were the likely place of pitting corrosion on 
aluminum plates. Probably, the Cu2+ ions attack the intermetallic precipitates that dissolve strongly as a result 
of electrochemical cell creation. 

Matching the electrical substitution system to surface phenomena of aluminum alloy 5754 gives an opportunity 
to present a description of the corrosion mechanism in contact with corrosive medium as acetic acid solution. 
The electrical substitution system created in the work consisted of two resistors and a fixed-phase element 
(Figures 5, 6). 

To sum up it may be concluded that: 

1) Aluminum alloy 5754 is not suitable for use in acetic acid environments where copper ions are 
presented. 

2) The aluminum alloy 5754 is susceptible to pitting corrosion, under condition, with a tendency to 
propagate deep into the material and it may lead to the material perforation. 
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Abstract 

In the past the treatment of industrial residues from copper, lead or zinc industry focused in the majority of 
cases only on the recovery of one target metal. Mostly it is the focal metal produced in the industry the residue 
arises from. With this, valuable accompanying elements were often disregarded. Especially in copper, zinc 
and lead industry minor metals, like the group of precious metals but also others like indium or germanium, 
are interesting side-elements occurring in the concentrates next to the base metal itself. Although a recovery 
of these elements is partly considered in the base metal production, the presence in the corresponding 
residues in regard to their recycling is unvalued in a lot of processes until today. This offers the chance in 
future recycling concepts that these minor elements, like for instance silver, can contribute to the overall 
economic feasibility of potential new processes, even though they occur in significant lower amount as the 
base metal in the tailings, dusts, sludge or dusts of the corresponding industry. For example the annually 
produced and mainly land filled amount of leach residues from zinc industry contains roughly 500 tons silver 
next to other valuable elements, like zinc or lead. Thus, this paper tries to answer the question how recycling 
of such residues can contribute to the supply of minor elements, especially at the example of silver. 

Keywords: Industrial residues, precious metals, recycling, lead, zinc, copper 

1. INTRODUCTION 

To maintain life’s quality raw materials play a crucial role. As the distribution of base- as well as special-metals 
worldwide is not homogenously discrepancy between supplying and consuming countries are the 
consequence. Mainly the industrialized countries are responsible for a high amount of consumption of 
technologically important metals, like Ag, Au, PGM but also In and Ge for electronic goods. Silver as one of 
the precious metals is not defined as critical in the European Union at the moment. Nevertheless, the 
consumption due to its use in electronic equipment steadily increases. Together with the fact that silver is 
mainly produced as a by-product of other base metals also this element seems to get more and more important 
and critical. The same circumstance is true for indium, which can be seen in the following Table 1, within also 
the carrier element, share of production and the share on the total revenue in the relevant industry sector is 
shown.  

As illustrated in the table shown above, the supply of minor and critical elements often is linked to the 
production of different carrier metals, like zinc, lead and copper. However, the demand of critical metal is not 
correlating with the production amount of carrier metal. Also taking into account that by-products and waste 
streams from this industry sectors therefore are potentially carrying these critical metals as well it becomes 
obvious why especially the waste streams from this industry sectors are more and more in the focus of research 
activities. Therefore, this paper examines residues generated from lead, zinc as well as copper production and 
their possible contribution to the supply of minor elements, like for instance silver. 
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Table 1 Source of production of selected minor elements. Critical materials defined by the EU are underlined  
   [1, 2, 3] 

By-product  
Metal Sources of Production Share of 

Production 
Recovery 

Efficiencies 
Max. Share of  

Total revenues 

Germanium 
Zinc 70 % 12 % 2 % 

Coal 25 % - - 

Gold 
Primary 90 % - - 

Copper 10 % >99 % 20 % 

Indium Zinc 100 % 25-30 % 3 % 

Silver 

Lead-Zinc 35 % >95 % 45 % 

Primary 30 % - - 

Copper 23 % >99 % 25 % 

Gold 12 % - - 

Palladium 
Platinum 60 % 40-60 % 15 % 

Nickel 40 % - 15 % 

Platinum Nickel 15 % - 10 % 

2. BY-PRODUCTS AND RESIDUES FROM COPPER-, LEAD- AND ZINC-INDUSTRY 

In this chapter the zinc, lead and copper industry is introduced and evaluated onto their by-products and 
residue streams next to their possible contribution to the silver supply.  

2.1. Zinc hydrometallurgy 

The hydrometallurgical route processes the major part of sulfidic or oxidic zinc ore today. Although several 
new technologies were implemented, like the direct leaching of sulfidic ore or the solvent extraction, two main 
routes can be differed in the hydrometallurgical zinc winning. The following Figure 1 illustrates the conventional 
two-step leaching and the one-step leaching under moderate acidity, applied in case of low iron containing 
zinc ores (see figure right side). 

After the roasting, which is the reason for occurrence of zinc ferrite in the calcine, a neutral-leaching is carried 
out. As a result of present lead, zinc, silver and in some cases also other precious metals, which are insoluble 
under this moderate conditions, they can be found in the neutral leaching residue in case of the one-step flow-
sheet. This generates, depending on the ore type, around 600-700 kg of neutral leaching residue per ton of 
zinc and up to 0.1 % silver [4]. 

A hot acid leaching is mandatory in case of high iron contents in the calcine and the formed zinc ferrite as a 
consequence. This additional leaching step with increased temperature and high acidic conditions dissolves 
the present zinc-ferrite spinel, which is far less soluble than simple zinc oxide. In case that there is no separate 
filtration step for the hot-acid-leaching residue, which carries typically lead, silver and SiO2, the iron is directly 
precipitated onto the remaining material and therefore the lead, silver is contained in the iron-residue. 
Moreover, calcine used for neutralisation introduces further lead, zinc-ferrite and silver in the iron-precipitate. 
In case of a precipitated goethite, the residue can be utilized in some cases. Anyhow, a majority of zinc plants 
still use the jarosit process, which is dumped world wide till today. Literature reports that 500-600 kg Jarosite 
per ton of zinc are generated with up to 230 ppm Ag [5, 6] in this residue next to also present indium and 
possible other precious metals. Own investigations showed up to 300 ppm of silver and Indium in investigated 
dried filter cakes.  
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Figure 1 (left flow-sheet) typical two-step zinc production (neutral followed by hot acid leaching) 
(right flow-sheet) one-step concept for low iron containing ores 

2.2. Slags from primary lead production  

Today a high number of facilities used for primary lead production are in use. Independent from the facility the 
principle is the same. Depending on the ore type, below Figure 2 summarizes the general ways of direct 
production of lead-ores and the processing of mixed lead/zinc ores in a shaft furnace. 

 

Figure 2 Flow-sheet of primary lead production route 

As shown above, the typical processing of lead/zinc concentrate is the route via the shaft furnace, producing 
zinc and lead as separate products in the so-called Imperial Smelting furnace. An average composition of a 
typically obtained slag from an IS furnace is shown in Table 2. 
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Table 2 Average composition of generated slag from an IS furnace (wt.%) [7, 8, 9] 

 Zn Pb Cu S FeO SiO2  CaO 

Slag 6 - 9 0 - 2.5 0 - 0.6 0 - 3.6 37 - 45 15 - 19 13 - 21 

To avoid unwanted reduction of the iron present in the concentrate, the ratio of reducing agent and zinc has 
to be kept at a certain level, with the disadvantage of lead and zinc losses in the process slag. As a 
accompanying element of lead also silver can be expected in the losses. Own investigations showed silver 
contents of up to 150 - 200 ppm per ton of dumped slag. In average, the generated amount of slag is 0.65 to 
1.00 times the amount of produced zinc [7, 8, 9].  

If the ore is low in zinc, the lead is produced without the by-product zinc. Furnaces which are used are shaft 
furnaces with a pre-sintering step or a QSL-, Ausmelt- or other direct production furnaces. As a result of up to 
3 % of zinc contained in the concentrate, which has to be removed from the process, the reduction potential is 
kept low. This leads to conditions which does not reduce the zinc oxide, leading to the presence in the taped 
slag. In former years the content had to be higher than 11 % zinc oxide in the slag for an economic treatment 
to recover the zinc from the taped slag via slag fuming. In case of lower amounts of zinc in the slag was 
dumped [8]. Own investigations showed that dumps with zinc contents up to 15 % exist next to significant 
amounts (up to 6 %) of lead and with this silver. The amount of generated slag per ton of lead fluctuates from 
lead production site to site because of different ore types, facilities and with this recovery rates between 400 - 
600 kg per ton. 

2.3. Copper production 

As the main industry sector carrying out recycling of electronic scrap, a wide range of materials and with this 
elements can be found in the copper production routes. Due to the mentioned processing of complex materials, 
like WEEE, shredder material, different sludge, etc. an major input of other elements like zinc, lead, tin, 
halogens but also precious- and minor metals is the result. Based on the target of producing high grade copper, 
all of these introduced 
elements have to be 
removed again by 
generated slag-, dust- or 
slime phases during the 
smelting, reduction and 
converting step or also in  
the electrolytic refining. 
Consequently these 
elements get enriched in 
those phases and can form 
valuable “residues”. Below 
Figure 3 illustrates that the 
secondary copper 
production consist of four 
main steps, namely the 
melting and reduction, 
converting, fire refining and 
electrolytic refining step.  

Based on the purity of the 
input material it is charged in different steps, offering a wide range of materials to be recycled within the same 

Figure 3 Process flow-sheet of a typical secondary copper plant 
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process. It can be seen that an internal recycling of special fractions, like the converter slag takes place. 
Although the slag from the first step is very low in its copper content, some operators still do a floatation of 
these slags to recover still present small droplets of copper. However, a huge amount is dumped without 
treatment and therefore could be potential for copper, gold and silver recovery. The outlet for the precious 
metals is the generated anode slime, which is further processed worldwide so that this does not show new 
potential. An interesting residue is the emitted dust from the first two stages, which can be up to 60 kg per ton 
of produced copper. These dusts show high contents of valuables because of the presence of halogens in the 
input material (like PCBs), which are forming volatile compounds with different elements. This leads to 
evaporation and in consequence to the formation of dust in the bag house filters. This mechanism is the reason 
why next to lead and zinc also indium and precious metals are a constituent of the dust. This leads to strongly 
fluctuating chemical compositions of the dust, depending on the charged raw material, used process 
technology and operation parameters [10, 11]. 

Especially the content of the minor metals cannot be predicted exactly. Table 3 gives an overview about a 
typical composition of the main elements in copper smelter flue dust from secondary plants. 

Table 3 Composition of a typical flue dust from secondary copper production in [wt.%] [10, 11] 

Zn Pb Sn Cu Cl Br F S Fe CaO SiO2 

35-45 10-15 2-5 2-6 3-5 3-6 0.5-1 1-2 1-4 2-3 1-3 

The valuable main fraction is formed by elements like zinc, lead, tin and copper. But next to that up to 800 ppm 
silver beside gold and PGMs can be present, due to carry-over as well as formed volatile compounds. Because 
of the high content of halides in the residue the dust cannot be directly used in zinc metallurgy although a 
content of nearly 50 % zinc. Also the present copper, tin and lead would lead to increased purification efforts. 
Nevertheless, these dusts are showing high potential concerning the secondary production of precious metals 
but also secondary zinc oxide or sulfate [10, 11]. 

3. CONCLUSION 

Concentrates from copper-, lead- or zinc-ores often carry elements like gold, silver, indium or PGMs as 
valuable side elements. As a result also residues from those industry sectors can carry them and therefore 
potentially contribute to a future supply of silver or other minor elements. Aside from residues which are treated 
inefficiently or dumped also by-products, like anode slimes from copper electrolysis, solution cleaning residues 
from zinc industry or by-products from lead-refining are directly utilized or further treated. However, also this 
area still shows an optimization potential. A summary of by-products and residues from copper, lead, zinc-
industry is given in Table 4.  

Table 4 Status of precious metals recycling out of residues from lead, zinc and copper industry 

Base Metal Copper Zinc Lead 

Mainly recycled Anode slimes Neutral leach residues 
Goethite Matte 

Generally not recycled Slags from 1st step 
Dusts from various steps Jarosite Slag 

Speiss 

The reason why still today some of the mentioned materials are dumped is on the one hand the complexity of 
the materials and with these expensive processes and additionally on the other hand also the circumstance 
that in various processes only one metal is considered for recovery. Even though the potentially present 
amount of minor elements in the mentioned materials can be very low, in some cases only ppm, the 
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contribution to the overall economics of a recycling process can be significant. Following Table 5 summarizes 
this circumstance and tries to estimate the amount of silver contained in the discussed untreated residues of 
the lead, zinc and copper industry per year. 

Table 5 Potential sources of silver in untreated residues from copper, lead and zinc industry  

untreated material amount silver potential for: 
 in 1 000 t in t gold PGMs 

Jarosite 4 000 800 yes (low)  

Goethite 400 100   

Neutral leaching residues 200 200 yes (low) yes (low) 

Dust from sec. copper industry 100 50 yes yes 

Lead slag 3 000 150   

In total the estimated silver which gets dumped and would be available in those untreated residues is 
1 300 tons of Ag annually, which is 5.1 % of the worldwide mine production. Not taken into consideration is the 
mine waste, like flotation tailings, etc. The average contents of gold and PGMs are relatively difficult to estimate 
in these residues, which is the reason why it is only mentioned in what residues there is a potential to find 
them. Nevertheless, it was shown that there is high potential of different secondary resources to contribute to 
the silver as well as other precious metals supply in future.  
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Abstract  

An important scientific and utilitarian challenge is to provide repeatability of the chemical composition in volume 
of billets, which guarantee the uniform yield stress during hot metal forming processes. During real billet 
manufacturing processes the segregation of chemical composition is observed. It depends on the type of alloy, 
solidification process conditions, and technological factors. This segregation can occur in the microscale 
(microsegregation) or in the macroscale (macrosegregation). The microsegregation can be reduced by the 
homogenisation but macrosegregation is an indelible defect. An effective way to reduce macrosegregation is 
electromagnetic stirring of liquid metal before solidification. The effectiveness of this mixing depends on the 
position of the stirring coil in relation to the solidification area.  

The paper presents the impact of selected continuous casting process parameters (casting speed, cooling 
medium flow in the primary cooling) on the alloying elements macrosegregation in the billets. Additionally 
macrostructures of billets were reported and electrical conductivity of material as an alternative measure of the 
alloying elements content was done. The distribution of alloying elements on the billet diameter shows a 
maximum set asymmetrically relative to the axis of the billet (horizontal casting). Variation of the silicon content 
is greater than for the magnesium. Changing the conditions of the mould primary cooling - increase the flow 
of cooling medium results in a decrease of solidification zone distance from the mixing coil and causes mainly 
the reduction of magnesium macrosegregation. 

Keywords: Macrosegregation, aluminum alloy, continuous casting, electromagnetic stirring  

1. INTRODUCTION 

During solidification of liquid metal in continuous casting process the mass exchange between the liquid to the 
solid takes place at the phase boundary (solidification front). In the case of horizontal casting, the solutes flow 
in the liquid phase is caused by the diffusion of the solute, termo-solutal and forced convection. The relative 
high continuous casting speed determines the non-equilibrium solidification conditions contribute to solute and 
temperature gradients. As a consequence, there is an unequal distribution of alloying elements on the cross 
section of the cast [1]. This phenomenon is undesirable due to metal forming. Therefore, different innovations 
are implemented to optimalization of solidification conditions. Recent studies [2-6] show that electromagnetic 
stirring in the solidification zone contribute to the reduction of the macrosegregation of the alloying elements 
in material. In addition, the intense forced flow of the liquid metal in the solidification zone results in a reduction 
of the columnar grains structure in the obtained EN AW-6060 aluminum grade casts. In industrial practice 
chemical modification is broadly applied mostly by addition of grain refiner which inhibits the growth rate of 
grains and nucleation. Refinement of casting structures is extremely important due to the possibility of further 
processing of the material by extrusion, limitation of sheet splitting during rolling or the possibility of good 
quality forgings production with the use of die forging process and primarily reduction of macrosegregation of 
alloying elements in the casts obtained by continuous casting [7-8]. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1476 

2. METHODOLOGY OF RESEARCH 

In the industrial line dedicated to horizontal continuous casting of aluminum alloys with electromagnetic stirring 
in the primary cooling zone, EN AW-6060 aluminum grade rods has been produced. The feed material was 
obtained by metallurgical synthesis of full-value aluminum scrap and certified master alloys (AlSi50 and 
AlMg50). Metal cooler was fitted out with 90 mm diameter graphite insert. Foundry castings were carried out 
with following steps: 10, 20, 30 and 40 mm and 10 sec stop with intensive and extensive cooling conditions of 
deionized water at 21 °C. In some cases 200 ppm Ti (in a AlTi4B1) was added to liquid metal bath in for grain 
refining process. The rods were tested for chemical composition and electrical properties with the use of Master 
Foundry Xpert and SIGMATEST 2.069 (Figure 1) devices. Figure 2 shows a scheme of continuous casting 
process as well as casting rods obtained with the use of above mentioned technology. 

 
Figure 1 Spectrometer Master Foundry Xpert and SIGMATEST 2.069 

 
Figure 2a) Scheme of continuous casting process 
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Figure 2b) Industrial continuous casting process and casting rods 

3. RESULTS 

Figure 3 presents the results of spectrometric analysis of chemical composition and electrical conductivity 
tests on the cross-section of in EN AW-6060 grade aluminum casts. Figure 4 presents macrostructures at 
transverse direction of casts obtained with different casting speeds, cooling conditions and chemical 
composition. 

Figure 3 Deviation of Si and Mg content and changes of electrical conductivity in continuous casting EN AW 
6060 aluminum alloy billet 90 mm diameter:  

a) 10 mm step/10 s stop, 40 l/min, b) 10 mm step/10 s stop, 15 l/min 

a) 

b) 

(w
t.%

) 
(w

t.%
) 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1478 

 
Figure 3 Deviation of Si and Mg content and changes of electrical conductivity in continuous casting EN AW 

6060 aluminum alloy billet 90 mm diameter:  
c) 20 mm step/10 s stop, 20 l/min, d) 40 mm step/10 s stop, 25 l/min, e) 10 mm step/10 s stop +Ti 

 
10 mm/10 s, 15 l/min 

 
10 mm/10 s, 40 l/min 

 
10 mm/10 s, 40 l/min + 200 ppm Ti 
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20 mm/10 s, 20 l/min 

 
40 mm/10 s, 25 l/min 

Figure 4 Macrostructures of casts obtained with different casting parameters 

4. CONCLUSION 

From the observations of cast macrostructures it was found that increase of casting speed contributes to the 
reduction of the dendrite size as well as the minimization of the negative effects of directional heat removal 
resulting in the decentralization of the core of the castings. 

Main alloying elements macrosegregation shows complex distribution. Maximum content of elements in 
subsurface zone is observed while minimum content of elements is observed in the center of the cast or in the 
half of the cast radius.  

Based on the analysis of the obtained chemical composition research results and mathematical calculations, 
the silicon segregation rate is higher than magnesium at the level of 9-15 wt.%, while for magnesium it is about 
2-8 wt.% (depends strongly on casting conditions).  

Electrical conductivity of the material is not uniform on the cross section of casted material. Higher elements 
concentration translates into lower electrical conductivity. Solidification rate and cooling rate in solid state is 
high. This prefers location of alloying elements in solid solution. Those elements strongly affect the electrical 
conductivity. According to Nordheim’s rule there is a linear dependence of particular element concentration 
and electrical conductivity. On this basis electrical conductivity measurements can be a fast and easy 
alternative method for macrosegregation investigation.  

Continuous casting with intensive electromagnetic stirring gives possibility to reduce macrosegregation. During 
intensive cooling, solidification front is close to the stirring zone which results in grain size reduction and 
minimization of chemical composition segregation. Unique effect is observed during simultaneous 
electromagnetic stirring and chemical grain refining. Macrostructure changes the character (no dendrites 
observed) and uniform alloying elements distribution on cast cross-section is observed.  
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Abstract 

The study deals with advantages and disadvantages of aluminum alloys application for oil and gas extraction. 
Aluminum alloy applications in drilling pipes, tapered and casing tubing as well as in raisers to extract 
hydrocarbons were widely known for a long time. As a result, the limitation and obstacles of aluminum alloys 
application in the petrochemical industry were brought for reconsideration. 

The results of alloying systems Al-Cu-Mg and Al-Zn-Mg-Cu application in real field developments and basic 
problems related to contact corrosion in corrosive environment and high temperatures were studied. The 
results were received; the examples verifying 2024 and 1953 aluminum alloys temperature stability in the 
temperature range of 200 - 250 °C during both short-term within 3 - 10 minutes and long-term operation up to 
1000 hours at 150 °C in the well environment were presented. The testing results of pilot micro arc oxidation 
of surface treatment of near-to-fastener pipe area, current treatment isolated contact between an aluminum 
pipe and steel joint to avoid negative impact on contact corrosion were provided. These data verified the 
feasibility of 2024 and 1953 alloy pipes compared to steel pipes. Also, aluminum alloys corrosion stability under 
the real operation conditions was proved. The obtained results showed the aluminum alloy advantages 
compared to steel prefabricated pipes, and the provided examples illustrated possible techniques to minimize 
aluminum alloys drawbacks and eliminate imaginary obstacles for further implementing light alloy pipes in the 
petrochemical industry. 
Keywords: Al-Cu-Mg alloying system, Al-Zn-Mg-Cu alloying system, 2024 and 1953 alloys, drill pipe,  
        mechanical and corrosion properties. 

1. INTRODUCTION 

Currently, due to exhaustion of the easily extracted resources, i.e. oil and gas, the petrochemical industry has 
to develop fields in large depth and apply direct or deepwater drilling. Modern drilling technologies are designed 
to increase the equipment capacity or use of alternative steel materials [1-4]. One of these alternatives can be 
aluminum alloys, their test application in the oil and gas industry started in 1960. Experience with high-strength 
aluminum deformed alloys for manufacturing drill pipes proved their significant advantages compared to steel 
[5]. As the main advantages of aluminum pipes are low density and high specific strength, so the latter has 
great significance in present-day conditions due to the increase in required development of new deposit fields, 
located in large depths with potential resources that are extremely difficult for extraction. However, up to now 
aluminum alloys application was rather limited, and it can be explained by the conservative approach 
widespread in the oil and gas industry. And the main challenge for its application is the lack of practical 
guidelines for a manufacturing process and acceptable operating environment for drilling pipes made of 
aluminum alloys. 

Drilling pipes made of aluminum alloys are generally manufactured with steel joints for further assembly in 
drilling columns in situ, with the help of pipe steel locks which are fit by applying thread shrinkage. As a result 
of this manufacturing technique lock and pipe material heating occurs. Such a heating may result in a 
significant change of properties for alloy materials, causing diffusion processes in metals, thus leading to 
structure and phases transformations. In the process of further exploitation assembled aluminum drill pipes 
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(with steel locks) are exposed to long-term (up to 1000 hours) heating to the temperature of 150 0C and 
corrosion environment impact in oil and gas fields. The severe conditions influence significantly the structure 
and, consequently, aluminum alloys properties as well. However, the influence of the factors mentioned above 
on the structure and properties of aluminum alloys used to manufacture drilling tools was not researched on a 
regular basis. 

The study is targeted at presenting development and explanation of practical recommendations for service life 
increase using aluminum alloys in the oil and gas industry based on the research into technological parameters 
influence of manufacturing and drilling pipe operation conditions on the structure and properties of 2024 and 
1953 aluminum alloys. 

2. METHODOLOGICAL BASIS 

The drilling pipes with the outside diameters of 147 mm and 90 mm of 2024 and 1953 aluminum alloys for Al-
Cu-Mg and Al-Zn-Mg-Cu systems were investigated in the initial conditions after standard heat treatment and 
in field operation. According to standard heat treatment conditions 2024 alloy undergoes quenching at the 
temperature of 500 °С in water, and natural aging pending amounts for 4 days. According to standard heat 
treatment conditions 1953 alloy undergoes quenching at the temperature of 480 °С in water, and artificial 
ageing proceeds during 24 hours with the temperature of 125 °С. 

The chemical content of the researched materials to identify chemical compounds in various areas of pipes 
were carried out by means of electron microprobe analysis using «Camebax» equipment. As a result of the 
study, no liquation in alloying elements was found. Impurities content in alloys composed less than 0.1 wt.%, 
and the content of the main chemical compounds in alloys is shown in Table 1. 

Table 1 Actual and standard chemical compounds of researched alloys  

Alloy 
grade Material 

Main chemical compounds content (wt.%) 

Al Mg Zn Mn Cu Zr Cr Ti Fe Si 

2024 

De facto base 1.62 0.30 0.53 4.54 - - 0.08 0.45 0.48 

ASTM 
B209M - 14 base 1.2-1.8 0.30 0.3-0.9 3.8-4.9 - - 0.1 0.5 0.5 

1953 

De facto base 2.6 5.7 0.17 0.45 0.02 0.19 0.05 0.1 0.05 

ТU1-2-592-
2003 
standart 

base 2.0-3.0 5.6-6.2 0.1-0.3 0.40-0.80 ≤ 0.10 0.15-0.25 0.02-0.1 ≤ 0.25 ≤ 0.2 

Two temperature and time operation modes, influencing a drill pipes material (200-250 °C, 2-10 min) and their 
further application in field development (150 °C, 1000 hours) were studied on the basis of the literature 
analysis. 

Samples heating was carried out in a «SNOL-1.6.2.5. 1/11-E2» chamber furnace. The control of temperature 
was realized in a thermocouple soldered into the reference sample centre. The measurement accuracy 
accounted for ± 2.5 °С. The samples were preliminary placed into the furnace and heated to the specified 
temperature, then sustained for the definite time and cooled in the air. After heat treatment the mechanical 
properties were tested, and the alloys structure was analyzed. 

The metallographic analysis of longitudinal and transversal samples was made by means of «Reichert-Jung 
MeF3A» optical microscope with magnification of 500 times using the automative quantitative images analysis 
software according to ASTM Е 1245-03. Making and preparation of metallographic samples was realized using 
«Buehler» equipment according to ASTM E 3-95. 
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The phase analysis was made using a „DRON-3.0“ X-ray diffractometer with cooper emission for the general 
purpose. 

Mechanical properties were defined with the help of the static test with uniaxial tension at the room temperature 
according to ISO 6892-84. The test was carried out with a «Schenck» tension testing machine with the maximal 
load of 200 kN and at the loading-rate of 1 mm/min. 

Microhardness was measured using «Reichert-Jung Micro-Duromat 4000E» equipment with the help of the 
Vickers method according to ASTM E 92 procedure. 

3. EXPERIMENTAL PART 

The prior results, considering the studies of the precast drill pipes structure and properties made of 2024 and 
1953 aluminum alloys after operation in oil field conditions development, showed that the mechanical 
properties and corrosion resistance of the metal is reduced after technological operations of assembly and drill 
pipe operation. The researched pipes were with the external diameter of 147 mm and the wall thickness of 13 
mm for 2024 aluminum alloy, the life cycle accounted for 1003 hours in the conditions of oil well development. 

Thereby, the aluminum pipe area threaded into a steel lock as well as the boundary contact area of the pipe 
and steel joint is exposed to the environment impact, temperature and external loads to the maximum in the 
process of assemblied drill pipe operation when developing oil and gas fields. In this regard, it is necessary to 
conduct systematic comparative studies to determine manufacturing conditions (shrink-type jointing) and drill 
pipes operation effect on the structure and properties of 2024 and 1953 aluminum alloys, especially in the 
contact area of the aluminum tube and steel lock. 

 
Figure 1 Technological heating duration and temperature effect on the mechanical properties of 2024  

and 1953 alloys 
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The study of heating influence on the structure and properties of 2024 and 1953 aluminum alloys when 
manufacturing assemblied drill pipes presented in [6] allowed to establish that the heating process has a 
significant influence on the mechanical properties of drill pipes made of 2024 and 1953 aluminum alloys in the 
temperature range of 200 - 250 °C in the shrink-type jointing conditions during up to 10 minutes (Figure 1). 
The change of properties was due to diffusion processes, the nature of which differs in the investigated alloys. 

Thereby, as a result of the „return during aging“ action and further dispersion hardening, the mechanical 
properties of 2024 alloy after heating up to ~ 6 minutes change insignificantly, but after 6-10 minutes the 
properties do not change compared to the as-the received condition (Figure 1). It is important that the 
increasing of heating temperature from 200 to 250 °C has an insignificant effect on the quantity value change 
of alloy strength and ductility. Due to this, 2024 alloy is resistant to technological heating in the conditions of 
drilling equipment installation and does not require tight regulation of temperature and time parameters of 
shrink-fit locking connection. Moreover, longer heating of up to 8-10 minutes is recommended. 

The experimental data analysis shows that the aging process in 1953 alloy has the same tendency towards 
the decrease at the heating temperatures of 200 - 250 °C in the whole investigated range of shutter speeds. 
The release of secondary intermetallic compounds and coagulation of existing and additional particles occur 
after aging in the alloy structure. When the heating process lasts for at least 5 - 6 minutes, these processes 
are slow and practically do not influence the material properties. The increase of heating time by more than ~ 
6 min significantly influence the aging process, especially at 250 °C, and coagulation of intermetallic 
compounds prevails over their allocation in the structure. As a result, heating with the duration of 6 - 10 minutes 
leads to significant softening of 1953 alloy. 

The study of the structural stability and the changes of mechanical properties of 2024 and 1953 aluminum 
alloys after the process with subsequent heat maintenance simulating the conditions of drill pipes manufacture 
and operation during oil and gas development are presented in [7]. 

 
Figure 2 The effect of operating exposure duration at 150 °C on the mechanical properties of 2024 alloy 

after preliminary heating ("0" point) to 200 - 250 °C with the exposure of 6-10 min 
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The mechanical properties of 2024 alloy after heating, subsequent maintenance heating at the temperature of 
150 °C and the exposure during 500 and 1000 hours are shown In Figure 2. It is obvious that the preliminary 
heating temperature increase from 200 to 250 °C and the exposure time increase from 6 to 10 minutes do not 
significantly affect the nature and intensity of changes in the mechanical properties of 2024 alloy with 
subsequent long-term operational exposure at 150 °C. 

The experimental results show that the increase in the number of disperse particles in the structure of 2024 
alloy occurs due to artificial aging at the initial stages at 150 °C and results in matrix solid solution hardening. 
As a result, the exposure time accounts for up to 500 hours and has little effect on the magnitude of σв and 
almost no changes in σ0.2 alloy (Figure 2). The increase in exposure duration up to 1000 hours, accompanied 
by the beginning of secondary intermetallic compounds coagulation, leads to gradual alloy softening. However, 
this process in 2024 alloy is slow and does not lead to significant changes in mechanical properties. 

1953 alloy aging during 500 hours at 150 °C leads to significant reduction in strength characteristics: σв - 70-
110 MPa and σ0.2 - 20 - 170 MPa regarding the material state after heating (depending on its mode) and by 
140-160 MPa and 180 - 200 MPa concerning as-received condition (Figure 3). If one increases the exposure 
up to 1000 hours, alloy softening continues, but its intensity is significantly reduced. Plastic characteristics of 
1953 alloy during aging at 150 °C gradually increase. After 1000 hours of exposure elongation δ increases by 
1 - 3 %, and reduction of area ψ increases by 20 - 23 % compared to the material state after technological 
heating when elongation δ increases by 4 - 7 %, and reduction of area ψ increases by 24-29 % compared to 
as-received condition, respectively. It was noted, the increase in reduction of area values exceeds enormously 
the increase in relative elongation values. This indicates the strain coefficient decrease of alloy hardening. 

 

Figure 3 The effect of operating exposure duration at 150 °C on the mechanical properties of 1953 alloy 
after preliminary heating ("0" point) to 200 - 250 °C with the exposure of 6 - 10 min 
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Experimental data analysis testifies artificial aging intensiveness of 1953 alloy from the beginning of exposure 
and in the study time period at the operating temperature of 150 °C. 

Being more durable compared to 2024 alloy in as-received condition, 1953 alloy has lower strength 
characteristics after short-term technological heating during manufacturing drill pipes and, especially, after 
long-term heating during operation. So, at the initial state ultimate strength σв and yield strength σ0,2  of 1953 
alloy are higher by 50 and 180 MPa than those of 2024 alloy. However, after technological heating and 
subsequent aging at the operating temperature of 150 °C during 500 hours ultimate strength and yield strength 
of 1953 alloy are lower than those of 2024 alloy by 30 - 40 and 30 - 60 MPa, respectively. 1953 alloy has lower 
operational characteristics compared to 2024 alloy, i.e. plasticity coefficient of 1 - σ0.2/σв (Figure 4). 

 

(a)    (b) 
Figure 4 The effect of operating exposure duration at 150 °C on the plasticity coefficient (1 - σ0.2/σв) of 2024 

alloy (a) and 1953 (b) after preliminary heating ("0" point) to 200 - 250 °C with the exposure of 6 - 10 min 

The experimental results show that 2024 alloy is more stable compared to 1953 alloy when these materials 
are used for manufacturing drill pipes in the oil and gas industry. 1953 alloy requires strict regulation of 
temperature and time parameters of manufacturing equipment and has lower operating resistance than 2024 
alloy. So, 2024 alloy does not require tight regulation of temperature and time parameters of manufacturing 
equipment and has high operational stability. This allows us to consider it, first, more technologically advanced 
and, second, to recommend for manufacturing drill pipes that are designed for more complex operating 
conditions. 

The influence of corrosive environment for oil and gas fields on the operational resistance of 2024 and 1953 
aluminum alloys was studied. One of the stages of this study was to assess the influence of corrosive 
environment for oil and gas fields on corrosion, in general, and mechanical properties of 2024 and 1953 alloys, 
in particular. 

Mechanical properties of 2024 and 1953 alloys after short preliminary heating and subsequent long-term 
heating in different modes in corrosive environment are shown in Figure 5. The comparison of these graphs 
shows the strength and plastic characteristics of the alloy under different conditions (initial value). 
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Figure 5 The influence of exposure duration of 500 or 1000 hours at 150 °C in NaCl + NaOH (pH = 11) on 

mechanical properties of 2024 and 1953 alloys after preheating (200 or 250 °C, 6 or 10 minutes) 

Short-term technological heating with subsequent long-term operational heating in corrosive environment 
reduces the mechanical properties of the investigated alloys, and especially 1953 alloy, to a much greater 
extent. After testing the strength characteristics of 2024 alloy become higher than those of 1953 alloy that in 
the initial state had the advantage in mechanical properties. 

Considering the provocative effect of the contact aluminum pipe with a steel lock in the process of operation 
of the drill string, it is necessary to assess alloy susceptibility of contact corrosion. Since the results showed 
that 1953 alloy is susceptible to general corrosion in the environment of oil and gas fields to a much greater 
extent than 2024 alloy, so the samples, made of 1953 alloy in as-received condition (drill pipe) in contact with 
40CrNi2Mo steel samples (steel lock) were tested. 

There are various techniques to eliminate contact corrosion; the most common one is protective coating on 
contacting parts surface. The experimental study showed that anodic oxidation of 1953 alloy leads to decrease 
in its corrosion rate in contact with 40CrNi2Mo in 5% NaCl steel solution. 

4. RESULTS AND DISCUSSION 

The result of the complex experimental researches of production conditions and drill pipe operation influence 
on the structure and properties of deformable 2024 and 1953 aluminum alloys were developed, and practical 
recommendations to increase their exploitation in developing oil and gas fields were offered. 

The changes of structure and mechanical properties of 2024 and 1953 alloys for long exposure after short-
term heating, simulating a shrink-fit, locking connection and subsequent operation of modular drill pipes in the 
conditions of oil and gas development were experimentally studied. It was shown that after natural aging 2024 
alloy did not significantly change in its strength and ductility. Rapid processes of decay in 1953 alloy lead to 
sharp weakening. 
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The influence of corrosive environment of oil and gas fields on 2024 and 1953 aluminum alloys were 
experimentally investigated. It was shown that 2024 and 1953 aluminum alloys are stable under the operating 
conditions of hydrocarbon production. 

5. CONCLUSION 

The studies allow conclude that despite the established negative influence of corrosive environment of oil wells 
1953 deformable aluminum alloy and, especially 2024 alloy, become quite stable after heating during 
manufacturing a drill pipe with a steel lock when operating hydrocarbon fields development. 

It was established that 2024 and 1953 alloys are subjected to contact corrosion when operating assembly drill 
pipes in the conditions of oil and gas development, but the proposed oxidation of the contact zone leads to 
decrease in the corrosion rate, therefore, increasing the service life of drill pipes. 

On the basis of the experimental studies and identified patterns the possibility to apply 2024 and 1953 
aluminum alloys to manufacture precast drill pipes (with steel lock) when developing oil and gas fields was 
defined. The invalidity of pre-existing opinions about the advantage of 1953 alloy compared to 2024 alloy in 
the operating conditions of drill pipe is shown. Significant technological and operational advantages of 2024 
alloy compared to 1953 alloy, especially when the drilling pipes of these materials are used for drilling in 
particularly difficult conditions, are experimentally proved. 
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Abstract 

Steel-aluminum wires, despite their common use, show insufficient operational properties for current needs. 
Their main disadvantages are high mass and maximum operating temperature limit that guarantees the 
stability of mechanical properties at 80 °C, which more and more often proves to be insufficient. Current trends 
in the overhead electrical power engineering in the area of wire materials, include e.g. the improvement of 
aluminum alloys for electrical purposes, development of composite cores in place of steel in bimetallic 
conductors and overall improvement of mechanical, electrical and operational properties of the wires. Alloying 
pure aluminum with other elements results in an inevitable decrease of its electrical conductivity, but at the 
same time it creates the possibility for the mechanical and operating properties improvement.  

The article presents the research results on drawing process for the new aluminum based alloys with the 
addition of zirconium, silver and molybdenum. Technical aluminum grade was used as a reference material. 
This paper presents an analysis of the properties of the produced wires dedicated for electrical applications. 
Wires were obtained in a laboratory continuous casting process with various process parameters. 

Keywords: Conductor materials, Al alloys, continuous casting process, drawing process 

1. INTRODUCTION 

Steel-aluminum wires with a structural core built of high resistant galvanized steel and a conductive layer of 
pure aluminum in hardened state are commonly used in the domestic energy industry of overhead lines. That 
type of wires, despite their common use, shows insufficient properties for the current needs. The 
disadvantageous properties, among others, are high mass and maximum operating temperature that 
guarantees stability at an insufficient level of 80 °C [1]. The rising level of requirements causes that the 
technically pure metals are often inadequate. The addition of other elements (e.g. Zr) to pure aluminum causes 
the inevitable decrease of the electrical conductivity, but allows increase its mechanical and operating 
properties [2]. In the energy industry, the most commonly used aluminum alloys that show thermal resistance 
are AlZr alloys. In 2006 the increasing demand for heat-resistant wires of AlZr alloys, resulted in the 
development of an IEC international standard which standardizes the requirements for properties of these 
alloys used in the wire production. Four basic types of wires (depending on the application) are distinguished 
in this standard, namely heat resistant AT1 lead wire designed to operate at temperatures up to 150 °C, heat 
resistant AT2 lead wire with permissible operating temperature of 150 °C with better mechanical properties, 
heat resistance AT3 lead wire designed to operate at temperatures up to 210 °C and heat resistant AT4 lead 
wire with the permissible operating temperature of 240 °C. The properties of these types of alloys are shown 
in Table 1 [3, 4]. 
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Table 1 Comparison of the properties for the standard conductive material and for higher heat resistance  
    materials (four types of wires AT1…AT4 are differentiated by distinct tensile strength, resistivity and  
    operating temperature) 

Based on the data presented in the table above, it can be seen that the mechanical properties of these 
materials are similar to pure aluminum. Electrical conductivity of Al-Zr alloys is 2 to 10 % lower than for the 
standard material, their resistance is at least 28.7 nΩ·m, but the operating temperature range is significantly 
higher. Intentionally introduced alloying additions are used to obtain desired material properties of aluminum 
alloys [1, 5]. The presence of foreign elements, both purposefully introduced to aluminum and naturally 
occurring impurities, significantly influence the formation of electrical properties of the material. The degree of 
change in resistivity of aluminum depends on the location of the foreign elements in the alloy structure, which 
can be in solid solution or in precipitates. Figure 1 - 2 show the impact of the elements located in the solid 
solution and precipitations on the electrical properties of aluminum. 

  

 

 

Based on the data presented in the above figures it is easy to understand the popularity of the AlZr group as 
materials used in heat resistance wires. The addition of zirconium to aluminum generates some disadvantages. 
Zirconium in the solid solution significantly decreases the electrical conductivity of the material and with the 
quantities used to obtain the desired heat resistance it raises the liquidus temperature up to 750 ºC. Also, 
zirconium addition can cause the poisoning of AlTiB structure modifier and has a great tendency to segregate. 
Due to these disadvantages the new alternative alloys with other additives are being investigated [7].  

Material 
Density 

Coefficient of 
linear 

expansion 
Resistivity 

Temperature 
coefficient of 
resistance 

Tensile 
strength Elongation 

Maximum 
operating 

temperature 

(g/cm3) (1/K) (nΩ·m) (1/K) (MPa) (%) (°C) 

Al 2.69 0.000023 28.26 0.0040 160-200 2 80 

AT1 2.703 0.000023 28.74 0.0040 159-169 1.5-2.0 150 

AT2 2.703 0.000023 31.35 0.0036 225-248 1.5-2.0 150 

AT3 2.703 0.000023 28.74 0.0040 159-176 1.5-2.0 210 

AT4 2.703 0.000023 29.73 0.0038 159-169 1.5-2.0 230 

Figure 1 Impact of various alloying elements 
(localized in solid solution) on aluminum 

resistivity [3, 6]  

Figure 2 Impact of various alloying elements         
(localized in precipitations) on aluminum 

resistivity [3, 6]  
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2. MATERIALS AND EXPERIMENTAL WORK 

The study was carried out for aluminum alloys with additions of different quantities of zirconium, silver and 
molybdenum. Materials were made in a laboratory workstation for continuous casting. The reference material 
was high purity aluminum. The continuous casting process was carried out on an unique casting workstation 
presented in Figure 3. 

 

Figure 3 Laboratory workstation for continuous casting 

During the continuous casting process, parameters such as the chemical composition of the material, 
temperature of the liquid metal, speed and sequences of continuous casting, conditions of cooling in the 
crystallizer and macrostructure of ingot were recorded. These parameters are shown in Table 2. 

Table 2 Parameters of continuous casting process (composition in wt.%) 

Material  Al Al-Ag 
0.05 % 

Al-Ag 
0.1 % 

Al-Ag 
0.15 % 

Al-Mo 
0.05 % 

Al-Mo 

0.1 % 

Al-Mo 

0.2 % 

Al-Zr 

0.05 % 

Feed (mm) 10 4 3 10 10 10 10 10 

Stop time (s) 10 4 6 10 10 10 10 10 

Casting speed (mm/s) 10 10 10 10 10 10 10 10 

Liquid metal temperature (°C) 797.4 783.9 794.4 801.7 820 813.1 780.4 818 

Surface temperature of the ingot (°C) 146.6 123 116.3 158 158.8 150 168 127 

Water temperature at the entrance 
(°C) 

7.6 6.7 7.1 6 6.8 8.3 6.2 6.3 

Water temperature at the finish (°C) 12.6 13.5 18 9.8 12.8 12.6 10.9 12.3 

Primary water flow (l/min) 0.66 0.42 0.84 1.32 0.66 0.96 0.72 0.78 

Secondary water flow (l/min) 0.31 0.2 0.65 0.65 0.31 0.31 0.11 0.65 

Rods (14 mm diameter) with satisfactory surface quality were obtained in the continuous casting process and 
were subject to chemical analysis using the FOUNDRY-MASTER Xpert spectrometer. The casts were subject 
to further examination, including Vickers hardness test and the electric conductivity test by eddy current. 
Subsequently, the rods were drawn to 9.5 mm, to obtain the diameter identical to the diameter of the final wire 
rod and were subject to heat treatment to obtain a recrystallized structure and to eliminate the casting structure. 
Then, the recrystallized materials were subject to 9-off extra draws, and as a result 2.4 mm diameter wires 
were obtained. Drawing process was conducted on the laboratory chain draw bench (Figure 4). 
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The wires obtained in the drawing process were subject to an uniaxial tensile test and the basic mechanical 
properties of the material were determined. Due to the fact that the new aluminum based materials are 
designed for use at elevated temperatures, their heat resistance was studied. The thermal resistance of 
aluminum alloys with different additions was tested by verifying the hardness of the alloys at room temperature 
and after the heat treatment at specified range of temperatures, which were 100, 150, 200, 250, 275, 300, 325, 
350, 400, 450 °C. Each material was heat treated in each of these temperatures for one hour, then the Vickers 
hardness test was carried out. 

 

Figure 4 The laboratory chain draw bench 

3. RESULTS AND DISCUSSION 

Table 3 shows the chemical composition of alloys obtained by continuous casting. The level of alloying 
additives and other additives, especially from the group of heavy metals (Cr, Mn, Ti, Zr) was at the expected 
level. Figures 5 - 6 show the results of Vickers hardness under a load of 2 kg and electrical conductivity. 

Table 3 Chemical composition of the obtained rods (wt.%) 

Alloy Al Ag Mo Si Fe Cu Mn Mg Zn Cr Ni Ti 

Al 99.82 0.0007 - 0.05 0.10 0.0005 0.0018 0.0008 0.002 0.0004 0.0002 0.0002 

Al-Zr 
0.05 % 

99.78 0.0009 - 0.06 0.11 0.0005 0.002 0.002 0.001 0.0006 0.0002 0.0002 

Al-Ag 
0.05 % 

99.69 0.057 - 0.12 0.11 0.0005 0.002 0.002 0.002 0.0005 0.0002 0.0002 

Al-Ag 
0.1 % 

99.62 0.11 - 0.13 0.10 0.0005 0.0021 0.003 0.002 0.0004 0.0002 0.0002 

Al-Ag 
0.15 % 

99.61 0.17 - 0.06 0.12 0.0005 0.002 0.003 0.001 0.0003 0.0002 0.0002 

Al-Mo 
0.05 % 

99.68 0.0015 0.044 0.08 0.13 0.0005 0.003 0.001 0.006 0.0007 0.0002 0.0002 

Al-Mo 
0.1 % 

99.68 0.001 0.086 0.081 0.11 0.0005 0.001 0.009 0.003 0.0004 0.0002 0.0002 

Al-Mo 
0.2 % 

99.6 0.001 0.17 0.078 0.11 0.0005 0.002 0.009 0.002 0.0007 0.0002 0.0002 
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Figure 5 Hardness of the obtained aluminum alloys         Figure 6 Conductivity of obtained aluminum alloys 

The effect of molybdenum and silver on hardness and conductivity in the as-cast state can be easily noticed. 
With the addition of alloying additives, the hardness of aluminum is increasing, while the electrical conductivity 
of is reduced. Molybdenum, especially in large quantities, has greater effect on the electrical conductivity of 
aluminum. The observed electrical properties suggest that molybdenum and silver are mainly concentrated in 
solid solution, and the mechanical effects of the solution strengthening are not as noticeable. By analogy to 
the AlZr alloys used, the level of strength comparable to aluminum is sufficient. Table 4 presents the basic 
mechanical properties of wires in a hardened state obtained in the drawing process. 

Table 4 Basic mechanical properties of aluminum wires with different amounts of alloying additions 

 
Al 

Al-Zr  

0.05 % 

Al-Mo  

0.025 % 

Al-Mo  

0.05 % 

Al-Ag 

0.025 % 

Al-Ag  

0.05 % 

Al-Ag 

0.1 % 

Yield strength (MPa) 135 135 140 147 129 139 142 

Tensile strength (MPa) 143 143 142 147 136 146 148 

Elongation (%) 2.9 3.2 2.8 1.6 2.8 3.4 3.7 

Mechanical and plastic properties of aluminum alloys with zirconium, molybdenum and silver are at a similar 
level, which is sufficient provided the desired electrical properties are met. The research results on thermal 
resistance of aluminum alloys are presented in Figure 7. It can be seen that the mechanical properties of 
aluminum decrease at the approximate temperature of 240 °C, while addition of molybdenum increases the 
heat resistance of the material. The mechanical properties of AlMo alloy decrease at temperature of 280 °C.  

 
Figure 7 Thermal resistance of aluminum alloys  
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4. CONCLUSION 

As a result of experimental test, aluminum alloys with different content of zirconium, silver and molybdenum 
were obtained in a continuous casting process. They show satisfactory quality and reproducible properties. 
This is a prerequisite to the conclusion that the materials considered in the research are not materials that 
require special methods in casting technology. The addition of zirconium, silver and molybdenum in aluminum 
alloys in the as-cast state causes increase in hardness and decrease in electrical conductivity relative to pure 
aluminum (99.8 % purity). Preliminary studies on the heat resistance of the alloys show that zirconium, 
molybdenum and silver slightly increase the initial recrystallization temperature, which allows increase the 
current structural capacity of the conductor. 
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Abstract  

Using nanoparticles as reinforcement for aluminum matrix composites allows significantly increase mechanical 
and operational properties of details. However, input of exogenous nanoparticles into the aluminum melts is 
associated with significant technological difficulties caused by their agglomeration and poor wettability with 
liquid aluminum. For these reasons, it is ineffective to use traditional liquid phase methods of composites 
production (stir casting, etc.) for synthesis of aluminum matrix nanocomposites. One of solutions is the input 
of exogenous nanoparticles in metal melts within mechanically activated and compacted mixture of reaction-
active powder precursors. Within designated approach was developed liquid-phase technological process of 
production of aluminum matrix nanocomposites of the system Al-Al3Ti-TiB2-Al2O3, including mechanical 
activation of titanium and boron powders with alumina nanoparticles in planetary ball mill, compacting the 
mixture and entering the preforms into matrix melt, holding of composite melt for components interaction, 
stirring and pouring. Selection of reinforcing components based on thermodynamic analysis of interphase 
interaction processes in considered system. The effect of temperature and time parameters of technological 
process of aluminum matrix nanocomposites manufacturing and thermal conditions of composite melt 
crystallization on structure formation and phase composition of cast samples are studied. Adding of 
nanoparticles leads to decrease in the mean size of intermetallic compounds and changes their morphology 
to a more compact and also improves the uniformity of their distribution in the structure of cast material. X-ray 
phase analysis confirms the formation of target endogenous reinforcing phases and retention of exogenous 
nanoparticles in conditions of liquid-phase technology of nanocomposites production. 

Keywords: Aluminum matrix nanocomposites, liquid-phase technology, structure, phase composition 

1. INTRODUCTION 

The possibilities for further improving the mechanical and operational properties of traditional materials are 
almost exhausted by now. In this context, great attention of researchers in many countries is paid to the 
development of new functional and constructional materials with designed properties. The emergence of 
nanomaterials science at the turn of the 20th/21st centuries is considered by scientists as one of the new 
alternatives to extensive ways of materials development [1]. With a wide implementation of nanomaterials in 
the industry attributed the possibility of achieving breakthrough results in improving the mechanical, 
tribological, thermal, electrical and other properties of the working parts.  

Problems of practical implementation of the fundamental research results in the field of nanomaterials are 
caused by particularities of the matter properties change at the transition to nanoscales. Nanostructured 
metallic materials are strongly nonequilibrium and tend to grain growth, especially at elevated temperatures 
[2]. In this regard, more promising approach is the use of nanoparticles as reinforcing and modification 
components at producing of metal matrix composites. The combination of nanoparticles with chemically 
compatible matrix allows protect them from destabilizing external influences, which increases the efficiency of 
created materials practical application. It is shown [3], that immediately after the new phase nucleation the 
nanoparticles are able to rapid absorption at the interphase boundary and inhibition the further growth of this 
phase. It is assumed that the distribution of nanoparticles along the boundaries of growing phases is caused 
by the tendency to reduce the Gibbs free energy at the interphase boundary [4]. Sedimentation stability of 
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nanoparticles determines their presence in the melt in the suspended state [5] and also surfactant effect limiting 
the crystal growth [6].  

The use of nanoparticles as a reinforcing phase in the aluminum matrix composites production allows to 
significantly improve their properties in comparison not only with traditional materials, but also with micro-sized 
particle-reinforced metal matrix composites [7]. However, entering of exogenous nanoparticles into aluminum 
melts is associated with significant technological difficulties arising from their agglomeration and poor 
wettability by liquid metals [8]. For these reasons, it is ineffective to use the traditional liquid phase methods 
suitable for producing the composites with micro-sized particles (stir casting, inert gas injection, etc. [9]) to 
manufacture the cast nanocomposites. One of the ways to solve this problem is input of exogenous 
nanoparticles into metal melts as part of mechanically activated and compacted mixture of reaction-active 
powder precursors (a method of liquid-phase reactionary synthesis).  

The present research aims to study the influence of technological modes of melting and pouring on structure 
and phase composition of cast aluminum matrix nanocomposites.  

2. MATERIALS AND METHODS 

For realization designated approach, a liquid-phase technological process of the fabrication of the Al-Al3Ti-
TiB2-Al2O3 nanocomposites was developed. To form the specified endogenous reinforcing phases (TiB2, Al3Ti) 
in the matrix alloy, titanium powder (99.5 wt.% purity; average size 150 m) and amorphous boron powder 
(99.0 wt.% purity; average size 63 m) were used as the initial components. Selection of reinforcing 
components based on thermodynamic analysis of interphase interaction processes in considered system. The 
initial components of the powder charge were proportioned for Ti:B = 5:1. Additionally, Al2O3 nanoparticles (15 
nm) were introduced into the composition of powder mixtures in the amount of 0.25 wt.% (to the total melt 
mass). All powders were dried at 110-120 °C for 1.5 h to remove the bounded moisture. Mechanical activation 
was performed in a planetary ball mill Fritsch Pulverisette 6 (Germany) for 30 min at 300 rpm and ball-to-
powder mass ratio 20:1. Prepared powder mixtures were dosed in aluminum foil packages and compacted on 
laboratory hydraulic press Carver 3664 (USA) into cylindrical preforms with a diameter of 10 mm and a height 
of 8-10 mm to residual porosity 30-35 %.  

The matrix melt (aluminum 99.99 wt.% purity) was prepared in alumina crucible in vertical chamber electrical 
resistance furnace and overheated to the specified temperature (from 700 to 950 °C in different series of 
experiments), after that powder preforms were introduced into aluminum melt. After holding for a specified 
time (from 5 to 60 min) the composite melt was stirred and poured into metal mould at 750 °C for obtaining 
ingots with a diameter of 20 mm and a height of 80-100 mm.  

The microstructure of the composites was observed using digital metallographic microscope Raztek MRX9-D 
(Russia). Phase analysis was performed on a Bruker D8 Advance X-ray diffractometer with Cu Kα radiation ( 
= 0.15406 nm) at a goniometer rotation speed of 4 grad/min in steps of 0.05° (2) by the method of Bragg-
Brentano. Identification of phases was carried out in Diffrac.Suite software using database ICDD PDF-2.  

3. RESULTS AND DISCUSSION 

During elaboration of technological process of nanocomposites production by the method of liquid-phase 
reactionary synthesis, different ways for introducing into the matrix melt of exogenous ceramic nanoparticles 
as part of a mixture of powder precursors were tested: portion feeding in the free-flowing state on melt surface 
with constant manual stirring, melt infiltration of precursors and flux (sodium cryolite) mixture, introduction of 
the mixture into the melt in a briquetted form. According to experimental results, the method of introducing the 
powder briquettes consisting of reactive components (Ti, B) and exogenous nanoparticles (Al2O3) is 
recognized as the most acceptable variant for the technological realization of liquid-phase reactionary 
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synthesis. In this technology of composites production, metal particles of titanium are not only precursors of 
endogenous intermetallic reinforcing phases but also perform the transportation function to enter the particles 
of amorphous boron and alumina nanoparticles into the melt.  

It is assumed that during exothermic reactions between the aluminum melt and the introduced components, 
the resulting endogenous phases are involved in the thermal motion of the liquid and the convective flows 
caused by the release of heat in the reaction zone, involving in these process exogenous Al2O3 nanoparticles. 
As a result, endogenous phases and exogenous nanoscale components are uniformly distributed in the melt. 
In addition, exothermic reactions that create high temperature gradients at the interphase boundaries provide 
the wetting and assimilation in aluminum melt the exogenous nanoparticles, which are not wetted under usual 
isothermal conditions. The introduction of powder preforms [5 Ti + 1 B] was accompanied by an increase in 
the overall temperature of the aluminum melt at 80-100 °C, which is associated with high intensity of exothermic 
reactions of Al3Ti and TiB2 formation in self-propagation mode. In compositions containing nanoparticles at 
introducing of preforms [5 Ti + 1 B + 0.25 Al2O3(nano)] was observed a slight (by 10-15 °C) decreasing the 
exothermic effect and reduction of the reaction rate recorded by changing the thermographs appearance and 
exothermic peaks offset.  

For determining the time-temperature parameters of liquid-phase reactionary synthesis a series of experiments 
was carried out to obtain aluminum matrix nanocomposites at temperatures from 700 to 950 °C with holding 
in the liquid state from 5 to 60 min and subsequent pouring into steel or copper molds. It was found that 
introduction of powder preforms at temperatures from 700 to 850 °C does not ensure the complete synthesis 
of targeted endogenous reinforcing phases with the required exothermic effect. The necessary wetting of 
exogenous nanoparticles is not achieved in this case; the resulting materials have a non-uniform structure with 
large TiB2 and Al3Ti agglomerates. At the bottom of the crucible after melt pouring out the residues of unreacted 
powder charge are found. In this regard, 850 °C is the minimum temperature necessary for the assimilation of 
powder preforms and for the interfacial reactions proceeding with required intensity. Further increasing of the 
temperature up to 950 °C almost does not affect the nature of reactions between the components.  

For materials of the Al-Al3Ti-TiB2-Al2O3 system the recommended holding time at 850 °C is 25-35 min. Pouring 
of the alloy before the indicated time is undesirable, because unreacted fragments of the powder preforms 
may be present in the material structure. Increasing of the duration of composite melt holding until pouring 
promotes a deeper interaction of the initial components but can lead to the growth of endogenous phases to 
large sizes and change their morphology to unfavorable, which ultimately will have a negative impact on the 
properties of the resulting nanocomposite.  

Comparative metallographic analysis of Al + 5 Ti + 1 B and Al + 5 Ti + 1 B + 0.25 Al2O3 cast composites 
samples indicates on reducing of average size of intermetallic compounds Al3Ti at the addition of alumina 
nanoparticles from 20-30 μm to 5-8 μm and a change in their morphology to a more rounded and compact. In 
the samples of Al-Ti-B composites without exogenous nanoparticles most of TiB2 phase is observed along the 
grain boundaries of the solid solution in the form of small "chains" and is represented by holomorphic crystals 
with sizes of 2-5 μm and individual agglomerates up to 30 μm in size. Increasing of cooling speed (pouring 
into copper ingot) resulted in the grinding of the primary Al3Ti crystals; at the same time, the increase of the 
cooling rate had practically no effect on the TiB2 particle size. In many sections of the structure, fused particles 
and clusters of titanium aluminides reaching 150-200 μm were found, and in some cases needle-like 
precipitations of the Al3Ti phase up to 250 μm in size were observed. Adding of exogenous nanoparticles 
contributed to reduction of the average size of intermetallic compounds and changing their morphology to a 
more compact (the complete disappearance of needle inclusions was noted in the structure of the cast 
samples), as well as to a more uniform distribution of the reinforcing phases due to the destruction of 
agglomerates; the synthesized TiB2 particles were 1-3 μm in size. Due to the high sedimentation stability, the 
nanoparticles are in a suspended state in a composite melt; accumulating along the boundaries of the primary 
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crystallizing intermetallics. They are prevent the diffusion of aluminum into the aluminide phases, limiting their 
growth and slowing down the process of coalescence into agglomerates or larger inclusions.  

Characterization of the phases detected in cast samples of composite materials is presented in Table 1. 
According to the results of X-ray diffraction studies, in the cast billets of Al + 5 Ti + 1 B composition are 
presented phases Al, Al3Ti and TiB2, which are formed in concordance with the generalized equation of 
chemical reaction:  

3 Al + 2 Ti + 2 B  TiB2 + Al3Ti 

In the samples obtained with addition of alumina nanoparticles complementarily to the above was observed 
phases -Al2O3, H-Al2O3 and TiO2 (Figure 1). One of the discovered oxide phases (hexagonal H-phase) 
cannot be unambiguously assigned to the known polymorphous modifications of Al2O3 (, , , etc.), which 
also was noted by other researchers [10]. The presence of H-phase can be attributed to a change in the crystal 
lattice of Al2O3 nanoscale particles under the influence of melt temperature and exothermic reactions taking 
place between the precursors. Formation of titanium oxide (in the rutile modification) is apparently caused by 
the possibility of chemical interaction of aluminum oxide nanoparticles with metallic titanium. Under considered 
conditions, TiO2 formation cannot be explained from the point of view of classical thermodynamics, since Al2O3 
is a more stable compound in comparison with TiO2 (standard enthalpies of formation are -1675.1 kJ/mol and 
-944.1 kJ/mol, correspondingly [11]). Presumably, the formation of TiO2 in the studied system is caused by the 
influence of size effects, changing the regularities of thermodynamic behavior of the components upon 
transition to the nanolevel.  

 
Figure 1 Phase composition of Al + 5 Ti + 1 B + 0.25 Al2O3 nanocomposite  
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Table 1 Crystal-geometric parameters of phases in Al-Ti-B and Al-Ti-B-Al2O3(nano) aluminum matrix  
   composites 

Phase Space group Lattice parameters 

Type a, nm c, nm 

Al-Ti-B 

-Al Fm-3m cub. 0.4049 - 

Al3Ti l4/mmm tetr. 0.3854 0.8584 

TiB2 P6/mmm hex. 0.3030 0.3229 

Al-Ti-B-Al2O3(nano) 

-Al Fm-3m cub. 0.4049 - 

Al3Ti l4/mmm tetr. 0.3854 0.8584 

TiB2 P6/mmm hex. 0.3030 0.3229 

-Al2O3 R-3c rhomb. 0.4759 1.2993 

H-Al2O3 P63/mmc hex. 0.3112 0.4988 

TiO2 P42/mnm tetr. 0.4594 0.2958 

4. CONCLUSION 

A liquid-phase technology of aluminum matrix nanocomposites production using the method of self-
propagating high-temperature synthesis of endogenous reinforcing phases in aluminum melt is developed. 
Particularities of technological process of cast aluminum matrix nanocomposites production are studied. The 
technique of powder precursors introducing into the matrix melts is elaborated. Time-temperature parameters 
of nanocomposites ingots production are defined. Formation of targeted endogenous reinforcing phases and 
persistence of exogenous nanoparticles in cast billets demonstrated the feasibility of the proposed 
technological solutions for aluminum matrix nanocomposites production.  

ACKNOWLEDGEMENTS   

This work has been supported by the Russian Fund for Basic Research within the project 16-43-
330464 “r_a” 

REFERENCES 
[1] NIE, Z., PETUKHOVA, A., KUMACHEVA, E. Properties and emerging applications of self-assembled structures 

made from inorganic nanoparticles. Nature Nanotechnology, 2010, vol. 15, pp. 15-25. 

[2] CHOOKAJOM, T., MURDOCH, H. A., SCHUH, C. A. Design of stable nanocrystalline alloys. Science, 2012, vol. 
337, pp. 951-954. 

[3] CHEN, L. Y., XU, J. Q., CHOI, H. et al. Rapid control of phase growth by nanoparticles. Nature Communications, 
2014, vol. 5, id. 3879, pp. 1-9. 

[4] KAPTAY, G. On the equation of the maximum capillary pressure induced by solid particles to stabilize emulsions 
and foams and on the emulsion stability diagrams. Colloids and Surfaces A: Physicochemical and Engineering 
Aspects, 2006, vol. 282-283, pp. 387-401.  

[5] CHOI, Y. W., LEE, H., SONG, Y., SOHN, Y. Colloidal stability of iron oxide nanoparticles with multivalent polymer 
surfactants. Journal of Colloid and Interface Science, 2015, vol. 443, pp. 8-12.  

[6] KOWALCZYK, B., BISHOP, K. J., LAGZI, I. et al. Charged nanoparticles as supramolecular surfactants for 
controlling the growth and stability of microcrystals. Nature Materials, 2012, vol. 11, pp. 227-232.  



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1500 

[7] CASATI, R., VEDANI, M. Metal matrix composites reinforced by nano-particles - a review. Metals. 2014, vol. 4, 
pp. 65-83.  

[8] CESCHINI L., DAHLE, A., GUPTA, M. et al. Aluminum and magnesium metal matrix nanocomposites. Singapore: 
Springer Verlag, 2017. 164 p.  

[9] PANFILOV, A., PRUSOV, E. Current state and trends of development of aluminum matrix composite alloys. In 
METAL 2013: 22st International Conference on Metallurgy and Materials. Ostrava: TANGER, 2013. pp. 1195-
1200.  

[10] DAN’KO, A. J., ROM, M. A., SIDELNIKOVA, N. S. et al. Transformation of the corundum structure upon high-
temperature reduction. Crystallography Reports, 2008, vol. 53, no. 7, pp. 1112-1118. 

[11] ZALAR, A., BARETZKY, B., DETTENWANGER, F. et al. Interdiffusion at the Al2O3/Ti interface studied in thin-film 
structures. Surface and Interface Analysis, 1998, vol. 26, pp. 861-867.  



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1501 

Al-Mg-Sc ALLOYS PROCESSED BY EQUAL-CHANNEL ANGULAR PRESSING  

ŠLAPÁKOVÁ Michaela1, KŘIVSKÁ Barbora1, BAJER Jan1, GRYDIN Olexandr2, 
CIESLAR Miroslav1 

1Charles University, Faculty of Mathematics and Physics, Czech Republic, EU 
slapakova@karlov.mff.cuni.cz 

2University Paderborn, Faculty of Mechanical Engineering, Lehrstuhl für Werkstoffkunde Microscopy 
Pohlweg, Paderborn, Germany, EU 

Abstract  

Twin-roll cast Al-Mg-Sc alloy was processed by equal-channel angular pressing in order to produce ultrafine-
grained structure. The microstructure was studied by the means of scanning electron microscopy, electron 
back-scatter diffraction and transmission electron microscopy. During in-situ heating partial recrystallization 
occurred in the bulk of the material. Near the edge of the sample observed in transmission electron microscope 
the deformed microstructure was retained, as in the 2D foil processes of recrystallization proceed slower and 
at higher temperatures compared to the 3D materials. 

Keywords: Aluminum alloys, equal-channel angular pressing, in-situ annealing, thermal stability 

1. INTRODUCTION  

Aluminum alloys belong to the most widely used metallic materials in many branches of industry. Al-Mg type 
of alloys finds its application mostly in the aerospace and ship-building industries because of their adequate 
corrosion resistance, good weldability [1-2] and possibility of superplastic forming [3-4].  

One of the drawbacks of such materials is the susceptibility to localized attack by intergranular corrosion and 
to exfoliation in temperature range 50-180 °C [5-7], which occur mainly in materials with flat grains; such are 
materials prepared by direct-chill casting (DC) which are processed to the final thickness by hot- or cold-rolling 
which forms a pancake-like structure of the grains.  

The DC technique can be substituted by twin-roll casting (TRC) which produces sheets with thickness in order 
of mm. During the TRC molten material is directed through a nozzle between two water-cooled rolls, where it 
solidifies. The microstructure with nearly equiaxed grains is formed when compared to the DC material rolled 
to the respective thickness [8-11].  

In TRC Al-Mg-Sc-Zr alloys the final strengthening can be achieved by aging at temperatures around 350 °C 
and work hardening by deformation methods [12-13], which do not change the thickness of the strip and also 
do not generate pancake grain structure - methods of severe plastic deformation (SPD). The combination of 
TRC with artificial aging and SPD prior or after aging can thus generate Al-Mg based alloy with adequate 
mechanical properties and improved resistance to intergranular corrosion and exfoliation [7].  

One of the most accessible SPD methods is equal-channel angular pressing (ECAP) [14]. During ECAP the 
billet of material is pressed through a die which consists of two channels of equal cross-section intersecting at 
an angle Φ, usually 90° [15]. The main advantage of this technique is the possibility of repeating the pressing 
several times to induce a required level of strain into the material. As a result microstructure with 
submicrometric grains is formed.  

The twin-roll cast material consists of fairly equiaxed grains with average grain size in order of 100 µm 
subdivided into a few subgrains [16]. 
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In the recent paper we focused on microstructure evolution during in-situ heating of TRC Al-Mg-Si alloy 
subjected to SPD by equal-channel angular pressing. 

2. EXPERIMENTAL  

Twin-roll cast aluminum alloy with thickness 5 mm was prepared at University Paderborn with composition 
3.24 wt.% Mg, 0.19 wt.% Sc, 0.14 wt.% Zr, 0.16 wt.% Mn, 0.11 wt.% Si and 0.21 wt.% Fe. This alloy was 
subsequently subjected to severe plastic deformation by equal-channel angular pressing at 250 °C at Charles 
University with channel dimensions 5 x 5 mm2, pressing speed 10 mm/min and 4 passes by route Bc [14] in 
total. To evaluate the evolution of the microstructure during exposure to elevated temperatures, the sample 
was annealed in-situ in transmission electron microscope JEOL 2000FX working at 200 kV and equipped by 
a heating holder. The grain structure evolution was observed by scanning electron microscope FEI Quanta 
200 equipped with detector for electron back-scatter diffraction (EBSD). The microhardnees was measured on 
Qness A10+ device with load 100 g for 10 s.  

3. RESULTS AND DISCUSSION 

3.1. Ecap 

The processing by 4 ECAP passes leads to a significant change of the microstructure - Figure 1. The EBSD 
orientation map shows that the microstructure is bimodal - the original grains of the twin-roll cast material are 
fragmented into structure which consists of a large number of small grains with average size around 1 µm 
which are embedded into one larger grain with only moderately changing orientation and few subgrain 
boundaries. Due to the size of the sample before ECAP processing and, furthermore, due to the fact that after 
each ECAP pass a small piece of the sample may break away and the head and tail of the sample possess a 
bit different microstructure than the bulk, the processing by more ECAP passes in order to ensure fully ultra-
fine grained structure was not auspicious.  

Figure 1 The microstructure of the Al-Mg-Sc alloy after 4 passes of ECAP. Some of the grains are 
elongated in the rolling direction, some new equiaxed micrometric grains with high-angle grain boundaries 

are formed 
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The TEM observations (Figure 1) confirmed the presence of micrometric grains surrounded by high angle 
grain boundaries in the matrix. The elongation of some grains is apparent. The selected area diffraction pattern 
shows that the structure is formed by individual grains with different orientation rather than by fluent change of 
orientation inside the grains. 

This is in contrast to the microstructure created by cold-rolling performed on the same material [16], where 
only the shape of the grains was modified, their average size was retained and they were subdivided into 
subgrains with fluently changing misorientation. The dislocation density inside the grains was fairly higher.  

The fragmentation of the original grains into micrometric constituents is in accordance with the increase of 
Vickers microhardness from original value of 78 HV for the twin-roll cast material to 111 HV after ECAP 
processing. The fact that the lower is the grain size of the material the higher is its strength was first described 
by Hall and Petch and the derived Hall-Petch relation has been proven for many materials since then - see 
e.g. [17]. 

3.2. In-situ TEM 

In order to monitor the microstructure changes of the deformed material, in-situ annealing with heating rate 
50 °C/10 min in TEM up to 550 °C was performed. The TEM micrographs from the same area for different 
temperatures are depicted on Figure 2.  
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Figure 2 In-situ annealing in TEM 50 °C/10 min to 550 °C. No significant changes in the grain structure 

were observed. 

During the heating the grain size distribution in the observed area did not evince any significant changes. 
The shape of the grains after reaching 550 °C was more round, the grain boundaries were more straight 
and the edges of the grains got more round - small particles which pinned the grain boundaries dissolved 
during annealing to this temperature; thus, it was feasible for the grain boundaries to change their shape to 
the one which is more favourable from the point of view of equilibrium energy. Most of the dislocations 
located inside the micrometric grains disappeared during annealing around 450 °C.  

At temperature around 300 °C particles of α-AlMnFeSi phase [13,18] started to precipitate. During further 
annealing their diameter slightly increased and the smaller ones dissolved back to the solid solution around 
450 °C. 

   
Figure 3 EBSD image of the sample after in-situ annealing to 550 °C. The deformed microstructure is 

retained mainly near the edge of the TEM foil 
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The grain structure after in-situ annealing to 550 °C is visualized by EBSD on Figure 3. The inhomogeneity of 
the grain size distribution is apparent - near the edge of the TEM foil small grains with size around 10 µm 
prevail, some parts of the material retained the deformed microstructure. Regions further from the edge are 
dominated by big recrystallized grains with size over 100 µm supplemented by clusters of smaller grains. 

It was proven by our previous research [19] that the 2D nature of the TEM foil influences the processes of 
recovery and grain recrystallization in that way that the recrystallization proceeds in the thin foil at higher 
temperatures and to lower extent as compared to the bulk material. 

4. CONCLUSION  

The processing by equal-channel angular pressing leads to modification of microstructure and creation of 
micrometric grains embedded in the original matrix. In-situ annealing in transmission electron microscope 
leads to dislocation recovery and precipitation. However, the recrystallization during the in-situ annealing 
proceeds inhomogeneously - the areas near the edge of the foil resist recrystallization more considerably than 
the bulk of the material 
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Abstract 

The subject of the paper concerns fatigue strength tests of aluminum and copper wires in different state of 
strain hardening used in overhead power lines and railway power lines. The paper attempts to describe 
operating problems, especially fatigue strength, research methodology, description of a research stand. Based 
on study results and their analysis, conclusions were formulated concerning the differentiation of fatigue 
strength of Cu-ETP and EN AW-1370 wires. 

Keywords: Fatigue strength, S-N curves, Whöler’s curves, fatigue fracture, wire EN AW-1370, wire Cu-ETP 

1. INTRODUCTION 

The traditional ACSR (Aluminum Conductor Steel Reinforced) overhead wires are made from a high strength 
steel core and several layers of reinforced aluminum wires forming the electrically active part of the conductor. 
Operating conditions, and the work under variable stress derived from von Karman vortices in particular, leads 
to fatigue cracking of the outer layer of wires, first of the outer layer, and then the inner layers [1]. Von Karman 
vortices are created as a result of detaching of a laminar jet of wind flowing over the wire, and cause its vibration 
called wind, or aeolian [1-2].  

The dynamic component of tension, dependent on the static tension of the wire, its geometric construction and 
rigidity (the number and diameter of the wires, the coil angle), lead to fatigue destruction of the wires during 
overhead operation. The consequence of this is the gradual degradation of the cable as a whole, which is a 
decrease in the electrically active cross-section, and as a result of overheating, also in its mechanical 
properties. The ultimate effect is breaking of the cable and a fault of the line. A passive method of counteracting 
the effects of aeolian vibration is to reduce the stress tension of the cable, which is usually impossible, or very 
limited, due to the overhang of the cable. The active method of counteracting the effects of aeolian vibration is 
the use of dampers designed to dissipate the energy of aeolian vibration. For several years now, the currently 
binding normalization in the design of high voltage overhead power lines imposes a requirement of a 50-year 
failure-free exploitation. This translates into increased parameter requirements for materials used to build the 
line in general, and in particular for the construction of conductors. Examples of a fatigue-damaged aluminum 
and copper conductors are shown in Figure 1. 

Figure 2 shows S-N curves, i.e. the dependence of the values of the alternating stress amplitude on the 
number of cycles that are the accepted and recognized method of assessing the fatigue resistance of materials 
[3]. Curves 4 and 3 refer to wires (4 - AlMgSi alloy, 3 - Al alloy), the hatched box 3 - to wires, and the bottom 
line 1 is the so-called safe base line (SBL), as determined by the CIGRE (International Council on Large 
Electric System). As noted, compared to conductors, wires withstand several times higher stresses until fatigue 
destruction (with the same number of vibration cycles). The lower position of S-N curves for cables stems 
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precisely from cyclical slippage, continuous refreshing and oxidation of the contact surface of vibrating wires 
in both layers and between the layers. To put it differently, at the same amplitude of the alternating tension, 
cables are destroyed by fatigue in a significantly lower number of cycles than individual wires of which the 
cable is made. 

  

Figure 1 Fatigue failures of cooper conductor 
(upper) and aluminum conductor (bottom) 

Figure 2 Stress-number of cycles to failure curves, 
1- CIGRE SBL - safe border line;  
2 - conductors; 3-aluminum wires;  

4 - Al-Mg-Si wires [2] 

Fatigue damage occurs in any material, if a combination of static and dynamic stress exceeds the fatigue 
strength of the loaded material. In the case of conductor, shock load includes axial and radial normal stresses, 
as well as bending, shear and torsion stresses. Thus, the transferable no-damage number of load cycles 
depends on the value of static load, dynamic stress amplitude and intensity of fretting corrosion. Analysis of 
the conductors fatigue characteristics reveals that the number of cycles until destruction is inversely 
proportional to the breaking stress. The aim of this work is to show differences between aluminum and copper 
wires in different state of strain hardening used in overhead power lines and railway power lines. [3-5].  

2. OBJECTIVE, PROGRAM, RESEARCH METHODOLOGY  

The aim of the study is to evaluate the fatigue strength of wires grade EN AW-1370 in various temper, used in 
overhead power lines and copper wires grade ETP in various temper- used primarily as railway traction 
conductors. Table 1 shows the mechanical properties of wires selected for testing. 

3mm 
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Table 1 Mechanical properties of wires selected for testing, EN AW- 1370 and Cu-ETP  

Material Degree of hardening Diameter (mm) UTS (MPa) Proof stress (MPa) 

EN AW 1370 90% 3.00 166 152 

EN AW 1370 12% 3.00 80 71 

Cu-ETP 86% 3.00 433 413 

Cu-ETP 11% 3.00 257 158 

Wires with a base of approx. 40 cm were cyclically subjected to rotational bending until they were destroyed. 
Figure 3 shows the layout of the stand, and Figure 4 - a photo of the stand. The nature of the rotary-flexure 
stand for the fatigue testing involves generating a variable strain in the test wire by means of bending the 
sample and then rotating it (3000 rpm). Stress in the presented stand is transmitted by symmetrical deflection 
of the sample by a known deflection vector (0÷230 mm with a step change every 10 mm). 

 

  

Figure 3 Scheme of fatigue stand [2] Figure 4 Fatigue strength wires stand 

The study was performed under stresses, the values of which are shown in Table 2.  

Table 2 Values of stress used for obtaining of Wöhler's curves 

Material Stress (MPa) 

EN AW -1370 135 120 105 90 75 60 45 30 15 

Cu-ETP 344 295 246 224 197 149 124 100 75 

The obtained research results allowed the development of Wöhler's curves as a function of stress and the 
number of cycles until destruction.  

3. STUDY RESULTS AND THEIR ANALYSIS 

Based on the fatigue tests conducted, the results were developed for the stress dependence on the number 
of cycles until failure the selected wires EN AW-1370 and Cu-ETP. Figures 5-8 show the Wöhler's curves 
chosen for wire testing.  
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Figure 5 Characteristics of stress as a function of 
the number of cycles to failure - EN AW -1370 wires 

with different temper 

Figure 6 Characteristics of stress as a function of the 
number of cycles to failure - EN AW -1370 wires with 

different temper - logarithmic scale 
  

  

Figure 7 Characteristics of stress as a function of 
the number of cycles to failure - Cu-ETP wires with 

different temper 

Figure 8 Characteristics of stress as a function of the 
number of cycles to failure - Cu-ETP wires with 

different temper - logarithmic scale 

The developed S-N curves were described by equation (1), which is relation between stress and number of 
cycles to failure:  

              (1) 
in which:  

  - stress (MPa), 
N  - number of cycles to failure, 
k, n  - materials factors. 
 
The proff of the correct approximation is fact that aluminum and copper fatigue curves are linear in logarithmic 
scale (see Figures 6 and 8). In the Table 3 were presented mechanical properties of tested wires and values 
of materials coefficients n i k according the equation no 1. 

Table 3 Values of materials factors of Cu-ETP and EN AW-1370 wires S-N curves   

Material Degree of 
hardening 

Diameter 

(mm) 

UTS 

(MPa) 
Proof stress 

(MPa) 
Linear factor 

k 

Power factor 

n 

EN AW -1370 90% 3.0 166 152 3676 -0.292 

EN AW -1370 12% 3.0 80 71 8777 -0.387 

Cu-ETP 86% 3.0 433 413 41290 -0.311 

Cu-ETP 11% 3.0 257 158 16614 -0.375 

 nNk
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Figures 5 - 8 show that the curves representing aluminum wires and copper wires in the hardened temper are 
higher and what's more, they are located to the right in the relation to the curves representing soft temper of 
wires. Values of linear coefficients k and power coefficients are higher for wires in hard temper both for 
aluminum and copper. This situation means that hardened wires are more fatigue strength for the same level 
of stress than soft wires. This observation is compatible with the common knowledge about the influence of 
material strength on his fatigue strength. Detailed analysis shows that in the case of aluminum the difference 
of fatigue strength for the same stress between soft and hard temper wires is twice less than in the copper. 
Interesting question is about reasons of this situation. For both aluminum and copper wires the difference in 
strain hardening is on the same level - approximately 90%. The fundamental difference between the materials 
lies in microstructures. On the Figures 11 and 12 are shown microstructure of aluminum and copper wires in 
hard temper. In case of copper wire we observe the more fine-grained microstructure than in the aluminum 
wire.  

  
Figure 9 Microstructure of aluminum wires (hard 

temper), optical microscopy 
Figure 10 Microstructure of copper wire (hard temper), 

optical microscopy 

In order to compare the "one to one" fatigue strength of copper and aluminum, the relationship between the 
number of cycles to failure and the effort of both materials was developed. The effort criterion is defined by the 
following equation: 

 (2) 

in which:     
 W - effort  
 σ - stress during the fatigue test  
 PS - proof stress  

Figures 11 and 12 show relationships between effort and number of cycles to failure of both materials.  

  
Figure 11 Characteristics of effort as a function of 

the number of cycles to failure - EN AW-1370 
wires with different temper 

Figure 12 Characteristics of effort as a function of 
the number of cycles to failure - Cu-ETP wires with  

different temper 

%100
PS

W
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Detailed analysis of graphs on the Figures 11 and 12 show difference between aluminum and copper fatigue 
strength directly. In case of copper (Figure 12) difference between fatigue strength of hard and soft wires is 
constant for every effort level, while in case of aluminum it is dependent on the effort level. For effort level 
below 30% curves are overlapping (see Figure 11). This means that in case of aluminum temper of the wires 
has a negligible effect on high cycles fatigue strength (> 107 number of cycles). 

4. CONLUSION 

Based on the results of the experimental studies, it can be stated that: 

1) The fatigue strength for both aluminum and copper wires can be described by the power relationship in 
the layout stress-number of cycles to failure. 

2) Both materials fatigue curves are linear in logarithmic scale. 
3) The same level of stress for copper wires results in longer operating times than for aluminum wires, 

regardless of the kind of temper. 
4) The main reasons of copper and aluminum wires fatigue strength difference is microstructure (size of 

grains). 
5) The evaluation of copper fatigue strength using the effort criterion leads to the same conclusions as in 

the criterion using the stress values expressed in MPa, while in case of aluminum temper of the wires 
has a negligible effect on high cycles fatigue strength (> 107 number of cycles). 
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Abstract  

In this work, Mg-3 % Al alloy was reinforced by graphene nano-plates using powder metallurgy technique 
including microwave sintering and hot extrusion. Graphene nano-plates were synthesised using modified 
Hummer’s method. Raman test and FESEM analyses were carried out to confirm the formation of graphene 
nano-plates. The powders of Mg and 3 wt.% Al were mixed with graphene nano-plates. The microstructural 
characterization of the bulk composite revealed a reasonably uniform distribution of the graphene nano-plates 
in the matrix. The EDX result showed the presence of aluminium in the composite, while XRD result revealed 
that the aluminium powder completely dissolves and makes a solid solution of Mg and Al. An attempt is made 
to correlate the microstructural characteristics with the mechanical response of the monolithic and composite 
samples. 

Keywords: Magnesium, graphene nanoplates, microstructure, mechanical properties 

1. INTRODUCTION  

Magnesium alloy and its composites are the lightest metal based structural materials with strong potential in 
wide spectrum of industrial applications including automobile, aerospace and electronics industries [1]. 
Magnesium is one of the most abundant element having a density about 1.74 gm/cm3. Magnesium is ~ 35 % 
and ~75 % lighter than aluminium and steel, respectively [2]. Mg based materials including alloys and 
composites exhibit excellent mechanical properties such as high specific strength, good machinability, thermal 
conductivity, damping capacity and superior capacity to resist the electromagnetic radiation [3-4]. The 
magnesium based materials are widely used as weight saving material that essentially reduce the fuel 
consumption by developing lightweight vehicles. Mg based materials normally exhibit strong texture and the 
plastic deformation is largely dominated by the limited number of active slip systems, such as basal slip and 
tension/compression twins. Due to limited slip systems available in the hexagonal closed-packed structure, 
magnesium suffers from poor corrosion resistance, low strength and limited ductility that often restricts its 
usages in many engineering applications [5]. To overcome these limitations, an urgent need to develop the 
Mg based materials using alloying and composite technology is required. Over the last few decades continuous 
efforts have been made for developing the Mg based materials. Most of the developments are either by alloying 
the materials or reinforcing the material by ceramic particles. In recent years, few studies have reported 
enhanced ductility and strength by the addition of Al as an alloying element [6-7]. The use of nanoparticles as 
reinforcement for improving the mechanical properties is also in the forefront of current research interest [8]. 
There are many techniques, such as conventional casting, spray deposition, disintegrated melt deposition 
(DMD), powder metallurgy technique and additive manufacturing process that are used for synthesizing the 
alloys and composites of Mg based materials. Out of these, the powder metallurgy technique is simple and 
efficient for the synthesis of bulk nano-composite sample. In this method, the alloying element and reinforced 
particles can be homogeneously mixed with the base material. The open literature search demonstrates that 
limited studies are available on the synthesis and mechanical characterization of Mg nanocomposite containing 
graphene nano-plates. The aim of the present study is to synthesize and investigate the mechanical properties 
of magnesium metal matrix composite reinforced with 0.1 wt.% graphene nano-plate. The choice of graphene 
nano-plates is due to its numerous extraordinary properties such as high aspect ratio (length to thickness), 
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high modules of elasticity, high strength, and high thermal and electrical conductivity. The synthesis of bulk 
sample of monolithic Mg and its composite was carried out by powder metallurgy technique incorporating 
energy efficient microwave assisted rapid sintering and hot extrusion. The microstructural characteristics were 
investigated using XRD, FESEM and an optical microscope. The micro hardness and scratch tests were 
performed to investigate the mechanical responses. 

2. EXPERIMENTAL  

2.1. Materials  

The graphite powder (98.9 % purity) of 250 m particle size and potassium permanganate supplied by Loba 
Chemical Pvt. Ltd, Mumbai, and Sodium Nitrate (99 % purity), sulphuric acid (98% purity), hydrogen peroxide 
and hydrazine hydrate obtained from Merck, Mumbai, India were used to synthesis graphene nano-plates 
which was used as reinforcement in the composite. The powder of Mg (98.5 % purity) of 60-300 m particle 
size received from Merck (Germany) was used as matrix material and the aluminium powder (99.9 % purity) 
of 7-15 m particle size supplied by Alfa Aesar (Haverhill, MA, USA) was used as alloying element. 

2.2. Synthesis  

The Graphene nano-plates were synthesized from graphite powder using modified Hummer’s method [9] 
followed by reduction of graphene oxide using hydrazine hydrate [10]. The powder of graphene (GA) nano-
plate was mixed with the commercial powders of Mg and Al at weight ratio of Mg:Al:GA is 96.9:3:0.1. The 
mixing of the powders was performed in RETSCH PM-400 mechanical alloying machine for 1 hr. The mixture 
of three powders was consolidated by cold compaction at a pressure of 9.7 MPa using a 100-tonne press 
followed by microwave sintering and hot extrusion. The extrusion was carried out at a die temperature of 
350 C. The compacted billets were extruded at an extrusion ratio of 1:25 from cylindrical billet to cylindrical 
extruded rod. Prior to extrusion, the sintered billet was soaked at 400 C for 1 hr. The samples for 
microstructural study and mechanical test were prepared from the 8 mm diameter extruded rods in accordance 
to ASTM standard. 

2.3. Density measurement  

The mass density of the extruded samples of pure Mg and its composite was estimated using the Archimedes 
principle. The polished samples of the extruded rod were weighed in air and when immersed in distilled water. 
Mettler-Toledo (MS 205DU), Switzerland weighing machine with an accuracy of  0.0001 g was used to 
measure the weights of the samples. The theoretical mass densities of the samples were calculated using rule 
of mixture. The results of theoretical and experimental density measurement and the corresponding porosity 
are shown in Table 1. 

Table 1 Comparisons of density (g/cm3) and porosity of pure Mg and its alloy and composite 

Material  Theoretical  Experimental Porosity (%) 

Mg  1.74 1.740021 ~ 0 

Mg / 3 % Al  1.75876 1.7577 0.06 

Mg / 3 % Al / 0.1 % GA  1.7591 1.7665 ~ 0 

2.4. Microstructural analysis  

The microstructural studies of pure Mg and its composite were carried out on the extruded sample. The 
presence of graphene nano-plate in Mg matrix was investigated using Olympus metallographic optical 
microscope (Model: Zeiss Axio Immezer) with image analyser software. The solid solution of Mg and Al in the 
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extruded samples was verified by X-ray diffraction (XRD) line analysis. The FESEM analysis and Raman test 
were carried out to confirm the formation of graphene nano-plates, synthesised from the graphite powder. The 
samples for microstructural analysis were prepared by the standard procedure of metallographic polishing until 
the sample surface gets mirror finish. 

2.5. Micro-hardness and scratch test  

The micro-hardness tests for pure Mg and its composite were performed with a micro-hardness testing 
machine (Model: Economet VH-1MD) supplied by Chennai Metco Pvt Ltd, India. The test samples were 
machined from the extruded rods and then mirror polished. The polished surfaces were ultrasonically cleaned 
and dried before performing the hardness and scratch tests. The measurements were made on samples with 
a 100 g load applied by the indenter for 20 s. The tests were repeated in five different regions to get the 
average value of Vickers hardness. To study the sliding contact behaviour, micro-scratch test was carried out 
using MTR3/50-50/NI instrument supplied by MICROTEST S.A, Spain. The initial force, 9.8 N, was applied to 
the polished samples in order to get an initial penetration before scratch start. 

3. RESULTS AND DISCUSSION 

The graphene nano-plates synthesised following modified Hummer’s was analysed by Raman spectroscopy 
and presented in Figure 1. The test machine was operated with a 532 nm excitation wavelength and 2 mW 
laser power. The spectrum exhibits three major peaks namely D band, G band and 2D band, appeared at 
about 1348 cm-1, 1583 cm-1 and 2718 cm-1, respectively. The presence of broad 2D band with FWHM of ~ 73 
cm-1 indicates the formation of graphene. The stacking order of the graphene sheets can be identified by the 
quantitative analysis of 2D band. The ratio of intensity of 2D band to G band is about, I2D / IG = 0.41, indicates 
the formation of multilayer graphene [11]. Figure 2 represents the typical FESEM image of graphene nano-
plates which shows ultrathin wrinkled platelets of the graphene sheets that are very transparent to the electron 
beam.  

 

 

 

 

 

 

 

 

The X-ray diffraction analyses of the powder and extruded sample of the composite are depicted in Figure 3. 
The peak of Al (1 1 1) was detected in the powder sample while, no matching peak of Al was observed in the 
extruded sample. This result revealed that Mg and Al powder makes a solid solution primarily during microwave 
sintering and extrusion steps. The absence of graphene peak in powder and extruded sample may be 
attributed to the low volume fraction (0.1 wt.%) of graphene in the Mg matrix. The increase of Mg  
(1 0 0) peak in the extruded sample indicates that the pyramidal plane possibly rotates in [1 0 0] direction to 

Figure 1 Raman spectra of graphene nano-plate Figure 2 FESEM image of multilayer graphene 
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coincide with the extrusion direction. The microstructural study of the polished extruded sample of 
nanocomposite is presented in Figure 4. 

 
Figure 3 X-ray diffraction spectra of (a) powder sample and (b) extruded sample of the composite 

It can be seen that the distribution of the graphene nano-plates is more or less uniform. In some places, few 
clusters of graphene nano-plates are also observed. Figure 5 shows the FESEM image of indentation 
morphology on composite obtained using maximum 5N load. Findings indicate that no obvious micro-cracks 
and micro-protrusions were visible in or near the indentation.  

Figure 4 Optical micrograph of the polished sample Figure 5 FESEM image of indentation morphology 
                         of the composite     of the composite sample 

The corresponding EDX analysis of the assigned area (within rectangular box in Figure 5) was presented in 
Figure 6. The results further reveal the presence of Al and graphene in the Mg matrix. The analysis shows 
that the atomic ratio from Mg to O is approximately 14:1. This result suggests that the formation of MgO oxide 
in the extruded sample is very limited. To describe the mechanical properties of the composite, the micro 
hardness values and the scratch forces are presented in Table 2. The results are compared with the monolithic 
Mg and Mg / 3 wt.% Al alloy. The additions of Al powder and graphene nano-plates resulted in a steady 
improvement in the hardness of pure Mg. The hardness value of ~ 41 Hv was estimated in pure Mg sample. 
While, the hardness values of ~49 Hv (20 % increase) and ~57 Hv (~39% increase), a bit higher than pure Mg, 
were observed in Mg / 3 wt.% Al alloy and Mg / 3 wt.% Al / 0.1 wt.% GA nano-composite respectively. The 
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increase of hardness in the alloy may essentially be attributed to the effect of solid solution of Mg and Al. 
Further, the significant enhancement in hardness may be attributed due to the constraint to localized 
deformation in the presence of graphene nano-plates, homogeneously distributed in the Mg matrix. The 
scratch forces at constant penetration load 9.8 N were measured following ASTM G171-03 standard using 
MTR3/50-50/NI instrument. The average scratch forces in pure Mg ~ 3.5 N, Mg /3 wt.% Al alloy ~ 5.37 and Mg 
/ 3 wt.% Al / 0.1 wt.% GA nano-composite ~ 3.2 N were obtained. The average widths of scratch track in pure 
Mg sample ~186 m, in Mg /3 wt.% Al alloy ~ 150 m, and in Mg / 3 wt.% Al / 0.1 wt.% GA nano-composite 
~100 m were estimated. This result suggests that the additions of 3 wt.% Al as an alloying element and 
0.1 wt.% GA as reinforcement improved the mechanical strength in Mg. It is worth to be noted that the scratch 
force depends on the initial penetration depth and the corresponding volume of material to be removed by the 
stylus and the coefficient of friction between the stylus and the sample. Lower scratch force in the composite 
sample may be attributed due to the presence of graphene nano-plate which act as a lubricant.  

 
Figure 6 EDX result of the indented portion 

Table 2 Results of micro hardness and the scratch behaviour of pure Mg sample and its alloy and composite  

          Indentation force 100 g for 20 sec          Initial penetration force 9.8 N 

Sample Ave. indentation diameter 
(m)  

Microhardness 
(HV) 

Scratch force 
(N) 

   Scratch width 
(m) 

Mg        66.7  2 42  3 3.506 186.43 

Mg /3 wt.% Al         61.6  3 49  5 5.372 150.38 

Mg / 3 wt.% Al / 0.1 wt.% GA    57.1  2.5  57  5 3.217 100.10 

The scratch images for all the samples are presented in Figure 7. It can be seen that in each samples, more 
or less repeated build-up of material are ascertained in the both sides of scratch track. The scratch tracks are 
identified by chevron markings.  
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Figure 7 Scratch tracks: (a) pure Mg, (b) Mg / 3 wt.% Al alloy, (c) Mg / 3 wt.% Al / 0.1 wt.% GA composite 

4. CONCLUSIONS 

In conclusion, the bulk samples of pure Mg, Mg / 3 wt.% Al alloy and Mg / 3 wt.% Al / 0.1 wt.% GA nano-
composite were successfully synthesised using powder metallurgy technique incorporating cold compaction 
of powders, energy efficient microwave sintering and hot extrusion. The Raman and FESEM studies of the 
filler materials confirm the formation of multilayer graphene nano-plates. Uniform distribution of graphene 
nano-plates confirms the suitability of the processing steps and parameters. The hardness properties were 
found to be significantly improved in the composite. The minimum scratch width and scratch force for a given 
indentation load was observed in the composite sample. This result indicates that the graphene nano-plates 
improve the wear properties of the composite sample. These observations are expected to have important 
consequences in the processing and application of these technologically useful alloy-composite. 
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Abstract 

Magnesium alloys are utilized in the aviation and automotive industry for their low density and good mechanical 
properties. Magnesium alloys are also interesting for use in the field of biodegradable implants because 
magnesium is biocompatible element essential for human body. There exist high demands on the mechanical 
and corrosion properties for both applications. Those properties can be strongly affected by alloying and 
production method. Alloying elements can improve mechanical properties by strengthening by intermetallic 
phases. Further improvement can be achieved by grain refinement, which can be obtained by alloying with Zr 
or by hot deformation associated with the recrystallization process. Present paper is focused on 
characterization of Mg-2Y-1Zn alloy, which has excellent mechanical and corrosion properties. The Mg-2Y-
1Zn alloy is prepared by hot extrusion. Microstructure and mechanical properties are evaluated and compared 
with material prepared by conventional casting. High values of ultimate and yield strengths were measured, 
however at the cost of low ductility. 

Keywords: Magnesium, extrusion, mechanical properties, grain size 

1. INTRODUCTION 

Good ratio between density and mechanical properties makes magnesium alloys valuable metal material for 
automotive and aviation industry [1]. Magnesium alloys are also considered as materials for biodegradable 
implants [2]. There are high demands on mechanical properties, which can be increased by alloying. Many 
magnesium alloying systems were investigated and most of them contains more than 3 wt.% of alloying 
elements [3]. There is tendency to reduce the amount of alloying elements in order to produce cheaper 
materials with better biocompatibility [4]. One of the magnesium alloys is WZ21, which consists of 2 wt. % of 
Y and 1 wt.% of Zn [5]. Zinc is also biocompatible material and its alloys are as well considered as materials 
for biodegradable implants [6]. Maximum zinc solubility in magnesium matrix is 6.2 wt.% at eutectic 
temperature. Zinc increases the modulus of elasticity and the mechanical properties by solid solution 
strengthening [7]. Yttrium also increases mechanical properties by solid solution strengthening, in addition to 
refining grain and increasing corrosion resistance by formation of more stable corrosion products [8]. The main 
contribution of yttrium is however in the formation of intermetallic phases with magnesium and zinc. There 
were observed four intermetallic phases in Mg-Y-Zn systems. Mg24Y5 binary cubic phase is heat stable and 
improves ductility so as induce nucleation of new grains [8]. Icosahedral I-phase (Mg3Zn6Y) is desirable for its 
high hardness and corrosion resistance. This phase is relatively thermally stable and its presence in the 
structure effectively suppresses the grain growth. It has also the ability to slow down the slip of dislocations at 
basal plains [9]. With increasing amount of this phase in the structure the overall mechanical properties 
improves [10]. On the other hand the W-phase (Mg3Zn3Y2) is characterized with cubic structure and is 
incoherent with magnesium matrix. This diversity means weaker bonds between W-phase and magnesium 
matrix, which brings worse mechanical properties [11]. This undesirable phase can be eliminated by proper 
heat treatment [12]. The third phase is LPSO-phase (Mg12ZnY), which is desirable as it increases plasticity 
and strength of the material. There are few kinds of LPSO phase (10H, 18R, 24R, 14H) depending on the 
structure of the phase (R means rhombohedral, H means hexagonal) [13]. Mechanical properties of alloy with 
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LPSO phase can be further improved by extrusion process as LPSO phase has positive effect on grain 
refinement during dynamic recrystallization [14]. Hot extrusion is common manufacturing process of 
magnesium alloys [15]. At high temperature new slipping plains of magnesium hexagons activates and the 
plasticity increases. This process is usually associated with recrystallization process. The final rod then 
consists of new equiaxed fine grains [16]. However magnesium alloys tends to form texture after extrusion 
[17]. Magnesium hexagons orient their basal planes parallel with the extrusion direction. This phenomenon 
leads to anisotropy of mechanical properties and is undesirable [18]. Alloying elements have the ability to 
change the preferred orientation or to change it randomly [19]. This paper is focused on characterization of the 
Mg-2Y-1Zn alloy prepared by extrusion and compared with sample prepared by conventional casting. 

2. MATERIALS AND METHODS 

Preparation of samples  

WZ21 magnesium alloy was prepared by melting Mg, Y and Zn in induction furnace at 750 °C for 15 minutes 
under the argon atmosphere. As-cast ingot was then extruded at 350 °C with extrusion ratio 16 and extrusion 
speed 0.2 mm/s. Final extruded product was rod with 6 mm in diameter. 

Samples were grinded on SiC grinding papers (P80-P4000) and subsequently polished on diamond paste. 
The final polishing was done on Topol 2 with fine particles of Al2O3. Subsequently samples were etched in 
solution containing 10 ml of acetic acid, 4.2 g picric acid, 10 ml distilled water and 70 ml ethanol. The 
microstructure was studied by scanning electron microscopy SEM (TescanVEGA3 equipped with energy 
dispersion spectrometry - EDS). Phase analyses were performed using X-ray diffraction (XRD, X’Pert Philips, 
30 mA, 40 kV, CuKα X-ray radiation). 

Compressive tests were performed on LabTest 5.250SP1-VM at room temperature on cylindrical samples with 
6 mm in diameter and 9 mm high. Constant deformation speed of 0.001 s-1 was selected. Compressive yield 
strength (CYS), ultimate compressive strength (UCS) and total deformation were determined. Tensile 
properties were measured on the same machine at room temperature on samples with 3.5 mm in diameter in 
constricted area and 25 mm in length. Constant deformation speed of 0.001 s-1 was selected. Tensile yield 
strength (TYS), ultimate tensile strength (UTS) and elongation were determined. 

3. RESULTS AND DISCUSION 

Microstructure 

Mg-2Y-1Zn alloy was successfully prepared by casting and extrusion. As-cast ingot (Figure 1a) was 
characterized with typical dendritic structure. Alloying elements segregated around dendrites, so there was 
higher concentration of them. Dendrites consist of α-Mg matrix and different intermetallic phases (Figure 1b). 
The intermetallic phases are characterized by round shape or narrow and elongated shape. Both phases 
contained Y and Zn in atomic ratio 1:1, which indicates the presence of LPSO phase (Mg12ZnY), which was 
observed in alloys with the weight ratio of 2:1 [20]. The solid solution contained 0.4 wt.% of Y and 0.3 wt.% of 
Zn according to the EDS analysis. 

Extrusion of the casted ingot was successfully performed. Intermetallic phases present in the structure were 
aligned in rows parallel with the extrusion direction (Figure 1c). However in this case the zinc was uniformly 
dispersed in α-Mg matrix and was no longer bound with yttrium in intermetallic phases. According to the EDS 
analysis cubic shaped phases (Figure 1d) contained primarily yttrium and were determined as Mg24Y5. Mg 
matrix contained 1.6 wt.% of Y and 1 wt.% of Zn, which was much more than in the case of as-cast ingot. This 
indicates that LPSO intermetallic phases dissolved or transformed into new intermetallic phases during hot 
extrusion process. Similar results were discussed by Zhang et al. [11]. One can see that very fine grained 
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structure was obtained after extrusion thanks to newly formed heat stable intermetallic phases which works as 
a nuclei for new grains so as retarders of grain growth [10]. Grain size of extruded sample varied from 0.5 to 
2.5 μm. 

Figure 1 Microstructures of Mg-2Y-1Zn alloy: a) as-cast ingot, b) as-cast ingot - detail, c) extruded ingot, 
d) extruded ingot - detail 

Mechanical properties 

Hardness and compressive mechanical properties of extruded ingot were measured and compared with the 
as-cast ingot (Figure 2). Vickers hardness with 1 kg load was determined. Extruded ingot exerted higher value 
of hardness (Table 1) than as-cast ingot which is contributed primarily to the finer structure. Compressive yield 
strength and ultimate compressive strength of the extruded ingot was more than twice higher than in the case 
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of casted ingot. This magnificent improvement is also contributed to the refined structure with average grain 
size of 1.6 μm. However, the solid solution of extruded sample contained three times higher amount of alloying 
elements compared to the as-cast ingot, therefore, the contribution of solid solution strengthening is considered 
as significant [21]. Also newly created intermetallic phases (Figure 1d) contributed to the improvement of 
mechanical properties. Tensile properties were also tested on the extruded sample. Tensile yield strength 
reached up to 267 MPa which is more than was achieved by Cabeza et al. [5] (211 MPa), who prepared 
samples by extrusion at the same temperature but with extrusion ratio of 32. However they were able to reach 
slightly higher value of ultimate tensile strength (322 MPa) and much higher ductility. There is noticeable 
difference between compressive yield strength (CYS) and tensile yield strength (TYS) of the extruded sample. 
This difference is probably associated with the texture after extrusion [17]. Deformation of magnesium alloys 
is associated with twinning mechanism besides slip mechanism, especially at room temperatures. Twinning 
mechanism requires much less energy than slip mechanism, but is dependent on the orientation of individual 
grains [22]. During extrusion process the new recrystallized grains preferably orient basal planes parallel with 
the extrusion direction. This orientation is favorable for twinning mechanism if the sample is compressed 
parallel with the basal planes. Contrary this orientation is unfavorable for twinning mechanism if the tensile 
force is applied parallel with the extrusion direction. Therefore extruded rods with texture are characterized 
with reduced plasticity and lower compressive yield strength than tensile yield strength [4]. 

Table 1 Mechanical properties: CYS = compressive yield strength, UCS = ultimate compressive strength,  
  D = relative deformation, TYS = tensile yield strength, UTS = ultimate tensile strength, E =  
            elongation 

Sample CYS (MPa) UCS (MPa) D (%) TYS (MPa) UTS (MPa) E (%) HV1 

As-cast 86 ± 5 219 ± 13 17.5 ± 2.0 - - - 54.1 ± 3.1 

Extruded 212 ± 2 455 ± 2 12.7 ± 0.4 267 ± 3 301 ± 2 2.4 ± 0.4 71.2 ± 4.3 

4. CONCLUSION 

Mg-2Y-1Zn magnesium alloy was prepared by extrusion and by conventional casting. Casted ingot was 
characterized with dendritic structure. LPSO phases were detected in the structure. Extrusion process provides 
fine structure with average grain size of 1.6 μm. LPSO phases disappeared after extrusion and new more heat 
stable Mg24Y5 phase was formed. Fine structure, solid solution enriched on alloying elements and new 
intermetallic phases contributed to the significant improvement of mechanical properties. 
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Abstract 
The recrystallization process of Mg-Ce alloy after high-pressure torsion (HPT) was investigated using 
differential scanning calorimetry (DSC) technique. The DSC results show that the recrystallization peak 
temperature increases with increasing the heating rate which confirms that recrystallization is thermally 
activated and kinetically controlled. The recrystallized volume fraction, the rate of recrystallization, the 
transformation function and the kinetic parameters (activation energy and Avrami exponent) for Mg-Ce alloy 
were estimated using several analytical approaches. 

Keywords: HPT, recrystallization, DSC, Mg-Ce alloy, kinetics 

1. INTRODUCTION 

In recent years, magnesium alloys have drawn significant attention as attractive lightweight structural materials 
due to their specific properties adaptable for structural applications [1]. However, due to the hexagonal packed 
structure of the magnesium alloys, their applications were limited because of their relatively low strength and 
ductility at low temperatures [2]. In order to improve the plastic formability of these alloys, rare earth elements 
were used as solute adding which could change the deformation mechanisms during plastic deformation 
through solute drag that changes the relative boundary mobility [3]. Severe plastic deformation (SPD) such as 
high-pressure torsion (HPT) [4] has been used to produce materials with ultrafine grains, having satisfactory 
ductility and high strength [5]. Post-deformation annealing treatment of UFG materials is often used in order 
to reach a more or less stable state by recovery and recrystallization which may result in grain growth [6]. It is 
known that, DSC technique is an important tool to investigate some solid state transformation such as 
recrystallization and precipitation. A strong lack of data associated with recrystallization kinetics in Mg-RE 
alloys is manifest in the literature, therefore the present investigation aims to evaluate the recrystallization 
kinetics and related parameters (activation energy, Avrami exponent) using Differential scanning calorimetry 
(DSC) for Mg-1.44 wt.% Ce alloy after processing by HPT at room temperature up to 10 turns. 

2. EXPERIMENTAL PROCEDURE 

The Mg-1.44Ce (wt.%) alloy was supplied in an as-cast state by colleagues from the Institut für Metallkunde 
und Metallphysik (IMM), Aachen, Germany. Cylindrical samples with diameter of 10 mm were solution heat-
treated in sealed glass tubes at 535 °C for 6 h followed by a subsequent water quenching. Disks with thickness 
of 1.5 mm were sliced from the cylindrical samples and then carefully polished with abrasive papers to a final 
thickness of 0.85 mm. The discs were processed by HPT at room temperature at 1/2, 1, 5 and 10 turns with a 
rotational speed of 1 rpm, using an imposed pressure of 6.0 GPa. All disks were processed by HPT under 
quasi-constrained conditions [7]. Specimens of 18−20 mg were cut near the centers of the discs and were 
inserted in an aluminum crucible (6.5 mm inner diameter and 1 mm height) and subjected to DSC analysis 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1525 

using a 2920 MDSC calorimeter under Nitrogen atmosphere, while an empty Al crucible was used as a 
reference. The DSC experiments were performed using four heating rates (5, 10, 20 and 30 °C/min) and the 
scanning temperature ranged from 80 to 500 °C.  

3. RESULTS AND DISCUSSION 

Figure 1 a) presents DSC plots at different heating rates (5, 10, 20 and 30 °C/min) of a selected exothermic 
peak corresponding to the recrystallization process in Mg-1.44 wt.% Ce alloy subjected to 1/2 turn by HPT. 
The more or less wide aspect of the present peaks may be explained by the heterogeneous microstructure. 
From Figure 1 a) the peak temperature of recrystallization increases with increasing heating rate from 144.8 
to 177.1 °C for 5 and 30 °C/min respectively. Such observations were reported in the case of hot ECAP-
deformed ZK60 following using route A up to 4 passes [6]. As shown in Figure 1 b), the recrystallization peak 
temperature corresponding to 1, 5 and 10 turns exhibit almost the same trends and decreases with increasing 
number of HPT turn. The present peak temperature values, in the range 135-177.1 °C, are lower than those 
reported in the case of conventionally hot rolled Mg-1 wt.% Ce and Mg-1 wt.% Gd alloys [8]. These low values 
of temperature peak may be explained by the unusual and particular microstructure generated by HPT 
processing.  

 

Figure 1 a) DSC curves of an exothermic peak records to the recrystallization process of Mg-1.44 wt.% Ce 
alloy processed by HPT to 1/2 turn; b) Evolution of recrystallization temperature peak of Mg-1.44 wt.% Ce as 
function of number of HPT turns; c) Fraction recrystallized, X versus temperature of Mg-1.44 wt.% Ce alloy 

processed by HPT to 1/2 turn 

The recrystallized fraction X can be calculated using the following equation [9]: 

X =AT/A                                 (1) 

where X is the recrystallized fraction, A is the total area of the exothermic peak and AT is the area between 
onset peak and the chosen temperature T, respectively. 

The recrystallized fraction is presented in Figure 1 b) for the present alloy processed by HPT to 1/2 turn at 
different heating rates. It is obvious that the recrystallization fraction X plots exhibit characteristic sigmoid 
shape with a net shift of the peak temperature upon lowering the heating rate. Quite similar observations were 
obtained in the case of hot ECAP-deformed commercial purity titanium up to 10 passes [10].  

In order to determine the activation energy and to highlight the mechanism of recrystallization process in Mg-
1.44 wt.% Ce alloy processed by HPT, the Johnson-Mehl-Avrami equation was used [11]: 

])exp[(1 nktX                                                                                                       (2) 
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In the literature, a modified Johnson-Mehl-Avrami equation has been proposed as follows [12]: 







RT
Exfk

dt
dX exp)(0                                                                                                                                (3) 

where X is the fraction recrystallized after time t, k is the reaction rate constant, k0 is the frequency factor, f(x) 
is a function of the fraction transformed, E is the activation energy.  

The activation energy as well as the kinetic parameters k0 and f(x) should be then easily deduced from the 
linearization of equation (3) [12]: 

RT
Exfk

dt
dX

 )](ln[ln 0                                                                                                                             (4) 

Figure 2 a) shows the plots of the transformation rate dX / dt versus recrystallization time of Mg-1.44 wt.% Ce 
alloy subjected to 1/2 turn by HPT at different heating rates. It is obvious that the rate of recrystallization plot 
becomes narrower and higher upon increasing heating rate. 

 
Figure 2 a) Rate of recrystallization process versus time, b) Plot of ln (dX/dt) versus 1/T of Mg-1.44 wt.% Ce 

alloy processed by HPT to 1/2 turn 

Furthermore, Ligero et al [13] have proposed a mathematical approach that could be applied to non- isothermal 
experiments conditions. For every DSC and at different heating rates, there should be a linear relationship 
between ln (dX/dt) and 1/T when plotted for the same value of transformed fraction X. Hence the average 
slope should give the activation energy E.  

Figure 2.b presents the plots of ln (dX/dt) versus 1/T of Mg-1.44 wt.% Ce alloy processed by HPT to 1/2 turn. 
As can be seen, the plots show straight lines and the deduced activation energy was 87.29 kJ/mol for 1/2 turn. 
The same trends were observed for 1, 5 and 10 turns (not shown here) and the deduced activation energy for 
all the turns are presented in Table 1. Chao et al. [14] reported values of activation energy about 85.9 kJ/mol 
in the case of AZ31 alloy heavily cold-drawn and annealed. Both this value and those of present work are close 
but slightly lower than the boundary self-diffusion energy in magnesium (92 kJ/mol) [15].  

Knowing the value of the activation and calculating hence the ln[k0 f(x)] evolution. Under a special 
approximation (ln [k0 f(x1)]= ln [k0 f(x2)]), the Avrami parameter n could be determined by the selection of many 
pairs of x1 and x2 that satisfied this condition, from the following equation [12]:  

)]1ln(/)1/()1ln(/)1ln[(
)]1ln(/)1ln[ln(

1122

12

xxxx
xxn




                                                                                            (5) 
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Figure 3 shows the plot of ln [k0 f(x)] versus the recrystallized fraction, X of Mg-1.44 wt.% Ce alloy processed 
by HPT to 1/2 turn at heating rate 10 °C/min. By using the expression (5), the deduced average value of the 
Avrami parameter for 1/2 turn at different heating rates is n =1.37. The obtained average values of n for other 
HPT turns are presented in the Table 1. In the present investigation, the Avrami value is close to 1.5. According 
to Matusita et al. [16], the recrystallization process in the present alloy is of bulk nucleation character controlled 
by diffusion with constant number of nuclei. 

 

Figure 3 Plot of ln [k0 f(x)] versus recrystallized fraction X  

Table 1 Activation energy and Avrami parameter of Mg-1.44 wt.% Ce alloy hyper deformed by HPT up to  
   10 turns 

Number of turn  1/2  1 5 10 

Activation Energy, E (kJ/mol) 87.2 84.0 81.4 79.0 

Avrami parameter, n 1.37 1.38 1.44 1.46 

In order to compare the activation energy with those determined from classical methods used for non-
isothermal conditions, Kissinger [17], Boswell [18] and Ozawa [19]) methods were used. They obey the 
following expressions, respectively:  

RT
EC

T
V

p

2ln                                                                                                                         (6) 

RT
EC

T
V

p

ln               (7) 

RT
ECV ln   (8) 

where V is the heating rate, C is a constant, Tp is the peak temperature, E is the activation energy. 
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Figure 4 Plots of ln (V/Tp), ln (V/T2
p) and ln (V) against 1000/Tp of Mg-1.44 wt.% Ce alloy processed  

by HPT to 1/2 turn  

Figure 4 presents the Boswell, Kissinger and Ozawa plots versus 1000/Tp for the recrystallization peak 
measured by DSC using four heating rates of Mg-1.44 wt.% Ce alloy processed by HPT to 1/2 turn. All the 
plots show straight lines and the activation energy was calculated from the slope of the plots.  

Table 2 Activation energy for the recrystallization using different methods (in kJ/mol) in Mg-1.44 wt.% Ce  
  alloy after HPT processing up to 10 turns   

Number of turn 1 / 2 1 5 10 

Kissinger 80.27 77.86 72.66 72.33 

Boswell 83.8 78.31 76.15 75.82 

Ozawa 87.48 85.02 79.78 79.43 

Other plots (not shown here) corresponding to 1, 5 and 10 turns exhibit almost the same trends. The obtained 
values of activation energy are presented in Table 2. It is obvious that the values of activation energy calculated 
by the modified isothermal method of Ligero et al [13] are very close to those calculated by Ozawa method. 
Therefore, it can be concluded that the Kissinger and Boswell methods underestimate the activation energy 
for recrystallization of the Mg-1.44 wt.% Ce alloy after HPT processing. Furthermore, Tables 1 and 2 show 
that the increase in the number of HPT turns leads to an apparent decrease in activation energy necessary for 
recrystallization process. This finding may be associated with the strong amount of nucleation sites for 
recrystallization such as high angle grain boundary, vacancies and their clusters that are progressively 
introduced into the material upon SPD processing [20]. 

4. CONCLUSION 

The main results deduced from DSC can be summarized as follows: 

 The recrystallization temperature is strongly reduced by the HPT processing and the obtained values 
are in the range of 144.8-169.4 °C. 
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 The activation energy of the recrystallization decreases with increasing the number of HPT turns and 
the values range from 72.33 to 87.48 kJ/mol for 10 and 1/2 turns respectively. 

 The Avrami parameter n is close to 1.5 which indicates a bulk nucleation character of the recrystallization 
controlled by diffusion with constant number of nuclei. 

 The Kissinger and Boswell methods underestimate the activation energy for recrystallization of Mg-1.44 
wt.% Ce alloy after HPT processing. 
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Abstract  

Intensive efforts have been recently made for a production and a processing of Mg-based light structural alloys, 
which would provide a utilization in the automotive and aerospace engineering, medical implants and 
equipment, power generation system, etc. In this study, three magnesium alloys containing neodymium and/or 
yttrium were investigated in an extruded condition. Microstructure of the extruded samples was investigated 
by scanning electron microscope including EBSD and X-ray diffraction. Mechanical behaviour of the alloys 
was studied by compression deformation tests in the extrusion direction (ED) and transverse direction (TD). 
Acoustic emission technique was concurrently applied to investigate activity of particular deformation 
mechanisms. The highest mechanical strength was found in the WN43 alloy, which contained the highest 
amount of rare earths. On the other hand, no difference in a mechanical strength between N2 and W4 alloy 
was observed. This resulted from lower grain size and higher fraction of precipitates found in the N2 samples. 
Different shape of the deformation curves between ED and TD was observed in two alloys containing 
neodymium. This behaviour corresponded to different texture formation and was attributed to an increased 
activation of twinning in one deformation direction, which was proved by acoustic emission measurement.  

Keywords: Magnesium alloys, rare earths, mechanical properties, texture, twinning 

1. INTRODUCTION 

Magnesium and its alloys became very attractive material because of its low density and superior strength to 
weight ratio. A major interest comes from an automotive industry, in which weight reduction have strong impact 
on economic and environmental factors [1]. Magnesium is also biocompatibile and biodegradabile metal, what 
makes it very promising material for use in medicine. Today, the research in this regard is primarily focused 
on temporary implants [2].  

Applicability of magnesium alloys continuously grows and there is a constant need for further improvement of 
the material properties. It can be done by variation of the alloys’ composition and processing method. Extrusion 
and rolling are typical processing techniques for magnesium alloys. Materials processed by both techniques 
have usually much finer grains compared to as-cast condition, and therefore is stronger. However, strong 
texture is formed at the same time [3]. The latest reports showed, that this undesired texture could be effectively 
suppressed by addition of rare earths [3-5]. Grain orientation randomization is substantially affected by the 
amount of rare earths in the alloy. In [5] it is shown that with increasing amount of yttrium in ZM31-based alloy, 
the texture became significantly weaker. On the other hand, rare earths as the alloying elements could also 
effectively strengthen the final material [6-9]. Precipitation hardening is a typical strengthening mechanism of 
these alloys. Therefore, the mechanical properties could be substantially improved by a proper combination of 
magnesium alloy and processing technique. In this study, three magnesium alloys containing neodymium 
and/or yttrium were investigated. All three alloys were processed by extrusion. The effect of particular alloying 
elements on the microstructure and mechanical properties is addressed in the paper.  
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2. EXPERIMENTAL METHODS AND MATERIALS 

Three magnesium alloys N2 (Mg - 2 wt.% Nd), W4 (Mg - 4 wt.% Y) and WN43 (Mg - 4 wt.% Y - 3 wt.% Nd) 
were conventionally casted and subsequently processed by hot extrusion. The extrusion parameters were:  
T = 350 °C, ER = 30 and a constant ram speed = 1 mm/s. Homogenization annealing was conducted prior to 
the extrusion for 16 h at 400 °C for - W4, WN43 and 550 °C for - N2 alloys, respectively. Composition of the 
alloys was identified by a spark emission spectroscopy and the results are shown in Table 1. 

Table 1 Composition of the investigated magnesium alloys (wt.%) 

 Y Nd Fe Cu Ni Mg 

N2 - 2.43 0.0297 0.0016 0.0014 balance 

W4 3.33 - 0.0316 0.0037 0.0002 balance 

WN43 3.46 3.53 0.0344 0.0039 0.0011 balance 

The observation of microstructure was performed using a scanning electron microscope (SEM) ZEISS Auriga 
Compact equipped with EDAX EBSD camera. The samples were mechanically polished using emery papers 
and diamond suspensions of the grain size decreasing down to 0.25 μm and afterwards electrochemically 
polished using Struers AC2 solution. Texture of the extruded material was measured by an X-ray PANalytical 
XPert MRD diffractometer with CuKα radiation. Full pole figures were calculated using MTEX software [10].  

Mechanical properties were investigated by compression deformation tests performed by INSTRON 5882 
deformation machine. The compression tests were carried out in two directions - in extrusion direction (ED) 
and transverse direction (TD). All tests were performed at the room temperature using a constant deformation 
rate 1x10-3 s-1. For deformation tests, samples of 5x5x8 mm3 were cut out from the billets.            At least three 
samples were tested for each geometry test.  

During deformation tests an acoustic emission (AE) was detected. The AE signal was acquired using            a 
miniaturized MST8S (Dakel-ZD Rpety, Czech Republic) piezoelectric transducer (Ø 6 mm). A preamplifier with 
a gain of 40 dB was used. The set of AE parameters were obtained by threshold level detection, threshold 
level was set to 27 dB. The AE activity were represented by the AE count rate, which is the count number per 
time unit at a given threshold voltage level.    

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

Microstructure of the extruded samples was studied by SEM and EBSD. Fully recrystallized microstructure 
with uniform character of a grain size distribution and high angle grain boundaries was observed in all three 
alloys, see Figure 1. The average grain size of all three alloys was in range of mm after the homogenization 
annealing (not shown here). Extrusion led to substantial grain refinement with highest degree in case of WN43 
(~10 µm) and lowest in case of W4 (~20 µm). Average grain size of the extruded N2 alloy was ~15 µm. Contrary 
to the substantially higher amount of alloying element in W4 compared to N2 alloy, grain refinement was more 
intensive in the latter one. This difference stems from different distribution of the precipitates in the matrix. 
Figure 2 shows secondary phase distribution in all three alloys after the extrusion. Precipitates in the N2 alloy 
are located primarily at the grain boundaries, and therefore they positively affect stability of the grain structure. 
On the other hand, such precipitates were not found in the W4 alloy, only secondary phase particles which are 
aligned in stripes along the extrusion direction. It could be suspected that they were present in the matrix prior 
to the extrusion. Therefore, most of the yttrium atoms was dissolved in the matrix. Microstructure of the WN43 
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alloy presents combination of microstructure of both binary alloys. Stripes of the undissolved particles were 
observed along with fine precipitates in the grain boundaries. Presence of the particles in W4 and WN43 alloy, 
which were not dissolved during homogenization annealing, indicates that the annealing temperature should 
be increased.  

                 
Figure 1 EBSD micrographs of a) N2, b) W4 and c) WN43 

   
Figure 2 Secondary phase particles distribution in a) N2, b) W4 and c) WN43 

3.2. Mechanical Properties 

The mechanical properties of all three alloys were investigated in ED and TD direction during compression 
deformation tests. The resulting deformation curves are shown in Figure 3 and the calculated values of yield 
compression strength (YCS) are shown in Table 2. Both ED and TD directions show similar values of YCS for 
N2 and W4. Overall similarity in the values of YCS for N2 and W4 was observed regardless of the different 
grain size and amount of precipitates. Therefore, solute solution hardening in cased of W4, as a strengthening 
factor, balanced negative effect of higher average grain size and lower amount of precipitates, when compared 
to the N2 alloy. In case of WN43, amount of particles in the material together with lower grain size resulted in 
substantial increase of YCS compared to both binary alloys. Beside overall improvement of the mechanical 
strength, higher YCS was measured in TD compared to ED. This difference could be explained by a higher 
number of particles aligned in the stripes along the extrusion direction.  

Table 2 Yield compression strength measured in the ED and TD direction        

 σ0.2 (MPa) 

ED TD 

N2 109 ± 1       110 ± 1 

W4 105 ± 1 110 ± 5 

WN43 146 ± 1 166 ± 2 
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Figure 3 a) The true compression stress versus true strain curves of all Mg alloys in ED and TD direction, b) 

early stage of deformation presented in a) 

Detail of the deformation curves for N2 and WN43 alloys, reveals difference in their shape for ED and TD in 
an early stage of the plastic deformation. However, no difference in the shape of the deformation curves for 
W4 was observed. Samples deformed along TD exhibited S-shape character of the deformation curve. It can 
be the result of twinning activity. A combination of the texture measurements and acoustic emission response, 
detected concurrently with the deformation tests, can help to analyse twinning activity. The measured (0001) 
and (10-10) pole figures for all three investigated alloys are shown in Figure 4.  

 

 

Figure 4 (0001) X-ray pole figure of a) N2, b) W4, and c) WN43 (plane perpendicular to ED) and (10-10) 
pole figure of d) N2, e) W4, f) WN43 

It is evident that the typical “rare earth texture” was formed in all three alloys during extrusion. This texture type 
is formed by basal planes rotated ~45° from the extrusion direction symmetrically around ED [7]. Grains 
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characterized by this texture element are well oriented for basal slip activation in both ED and TD directions. 
Therefore, difference of the deformation curve character doesn’t stem from these grains. Nevertheless, in N2 
and WN43 alloy, additional texture element in the centre of the (0001) PF formed during the extrusion process. 
It is well-known that the most popular tensile twins are activated in Mg when load is applied perpendicular to 
the c-axis [11]. Therefore, grains characterized by basal planes perpendicular to the ED, i.e. c-axis parallel to 
ED, are well oriented for activation of tensile twinning, preferentially during compression along TD. The overall 
texture is very weak in all three alloys, and volume fraction of grains represented by this texture element is 
low. Apparently, existence of this preferred orientation doesn’t affect the yield point, but causes difference in 
the deformation curve character between ED and TD of the N2 and WN43 alloy. Preferential activation of the 
twinning during deformation along TD comparing to ED is well represented by the acoustic emission response, 
see Figure 5. In case of the deformation along ED, there is a substantial increase and sharp decrease of the 
AE signal around the yield point. In case of the deformation along TD, the AE signal is more pronounced and 
continues also during the first stage of the plastic deformation. AE technique is very sensitive to twinning and 
AE signal around YCS could be correlated to the twin nucleation.  

Origin of the texture element in the centre of the (0001) PF is still under investigation. Nevertheless, these 
observations revealed that it is closely related to presence of neodymium in the alloy. This element was 
observed in both alloys containing neodymium, but not in the one containing yttrium. On the other hand, in a 
previous report regarding ZN11 alloy [8], this texture element was not observed. Therefore further investigation 
is still needed. 

  
Figure 5 Compression test of N2 sample along the a) ED and b) TD with AE response 

4. CONCLUSION 

Microstructure and deformation behaviour was investigated in magnesium alloys: N2, W4 and WN43. 
Compression deformation tests were conducted in the extrusion and transverse direction. The Following 
conclusions can be drawn: 

 Significant grain refinement was observed in all three alloys as a result of extrusion. Highest average 
grain size was measured for W4 and lowest for WN43 alloy, respectively. 

 Weak texture with a rare earth character was measured in all three alloys. Additionally, texture element 
in the centre of (0001) pole figure was observed in the N2 and WN43 alloy, but not in the W4 alloy.   

 Mechanical properties of the alloys corresponded to the microstructure. Highest strength was measured 
in WN43 alloy, which had lowest grain size and highest volume fraction of secondary phase particles.  

 Specific texture of N2 and WN43 alloys resulted in activation of twinning during compression along TD. 
It is supported by S-shape of the deformation curve and pronounced acoustic emission activity around 
CYS.  
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Abstract 

In this study, effect of indium (In) addition on microstructure and mechanical properties of AM60 magnesium 
alloys was investigated. In additions were made by 0.2, 0.5 and 1 wt.%. Alloys were produced by conventional 
gravity casting in a steel mould. A homogenization treatment at 350 °C for 24 h was performed after casting 
processes. Homogenized samples were 1 pass hot-rolled by 40 % thickness reduction at 350 °C. The results 
showed that the average grain size of as-cast and hot-rolled AM60 alloys decreased with In addition. SEM 
analysis revealed that In addition led to formation of tiny Mg-In binary second phases at triple junctions. Tensile 
strength of as-cast AM60 alloy increased with increasing amount of In up to 0.5 wt.% above which it decreased. 
However, after hot-rolling process, AM60 alloy containing 0.2 wt.% In showed the best tensile properties. 
These improvements were attributed to the refinement of microstructure and dispersion strengthening by Mg-
In intermetallic phases. 

Keywords: AM60 magnesium alloys, indium modification, rolling, microstructure, mechanical properties 

1. INTRODUCTION 

Magnesium alloys are considered as promising materials for applications in automotive and aerospace 
industries in order to provide higher fuel efficiency since they have primarily very low specific strength, excellent 
machinability and castability [1]. AM60 alloy is one of the most commercially used cast magnesium alloys due 
to good combination of strength and ductility [2]. However, there is still need for increasing the strength and 
ductility of AM60 alloy further [1,2]. Employment of different alloying elements and hot forming processes such 
as rolling, extrusion etc. are the main methods to improve these properties. Numerous studies revealed that 
rare earth elements can improve strength of magnesium alloys [3-5]. It was reported that tin addition can 
improve the strength of AZ91 and AZ82 magnesium alloys due to the formation of thermally stable and dense 
Mg2Sn intermetallic compounds [6, 7].  

Indium is said to promote non-basal slip activity and decrease c/a ratio [8]. Becerra et al. [9, 10] reported that 
indium can effectively refine -Mg grain size and increase c/a ratio beyond 3.3 at.% addition. Jin et al. [11] 
investigated the effect of indium addition on corrosion resistance of AP65 magnesium alloys and showed that 
indium addition accelerated overall corrosion. It was suggested that indium might provide low strengthening 
effect to magnesium alloys since In and Mg have very similar atom sizes although indium has a maximum 
solid solubility in magnesium as high as 53 wt.% [8]. However, grain refinement and possible formation of Mg-
In binary compounds under non-equilibrium cooling conditions may help to improve the mechanical properties 
of magnesium alloys. In the literature, there is no study that investigated the effect of indium on mechanical 
properties of magnesium alloys under both as-cast and hot-rolled conditions. Therefore, this study aimed for 
clarifying the effect of indium addition on microstructure and mechanical properties of as-cast and hot-rolled 
AM60 magnesium alloy. 
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2. EXPERIMENTAL PROCEDURE 

The Mg-6 wt.% Al-0.3 wt.% Mn alloys with different In additions (0, 0.5, 1 wt.%) were produced by gravity 
casting. The chemical compositions of the alloys were measured by wave-length dispersion X-ray fluorescence 
(XRF) and listed in Table 1. High purity Mg (99.9%), Al (99.9%), In (99.9%) and Al-Mn master alloy were used 
to prepare the alloys. The alloys were melted in stainless steel crucible placed in an electric resistance furnace 
under controlled Ar gas flow. After holding the melt at 750 °C for 45 minutes and stirring for 15 minutes, the 
melt was poured into a steel mould preheated to 250 °C. A homogenization treatment at 350 °C for 24 h was 
performed after the casting processes. Homogenized samples were hot-rolled by 40% thickness reduction at 
1 pass at 350 °C. 

Table 1 Chemical composition of the alloys (wt.%) 

Element Al Mn In Other Mg 

AM60 5.89 0.15 - 0.015 Bal. 

AM60-0.2 In 6.05 0.18 0.22 0.012 Bal. 

AM60-0.5 In 6.14 0.20 0.57 0.010 Bal. 

AM60-1 In 5.95 0.15 1.11 0.012 Bal. 

For microstructure analysis, all the samples were mechanically ground with 240, 400, 600, 800, 1000, 1200 
and 2000 grit emery papers followed by polishing with 6 m and 1 m diamond paste. The polished samples 
were etched with 6 gr picric acid, 5 ml glacial acetic acid, 10 ml distilled water and 100 ml ethanol. The 
microstructure images of the samples were taken by optical microscope and scanning electron microscope. 
According to EN ISO 6892-1, the tensile specimens with a gauge section of 40 mm x 9 mm x 2 mm were 
machined from the as-cast and hot-rolled alloys. Tensile tests were performed with a strain rate of 0.00167 1/s 
at room temperature and each test condition was repeated three times 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

Figure 1 and Figure 2 show the optical microstructures of the as-cast and hot-rolled AM60 alloys respectively 
with 0.2, 0.5 and 1 wt.% indium additions. The as-cast AM60 alloy consisted of primary -Mg grains and a low 
amount of -Mg17Al12 intermetallic phase since the maximum solid solubility of Al in -Mg is about 12 wt.%. 
However, it was reported that -Mg17Al12 phase can form as a result of non-equilibrium cooling conditions 
during casting with Al content as low as 2 wt.% [12]. Furthermore, the average -Mg grain size decreased with 
increasing indium content up to 0.5 above which it slightly increased. After hot-rolling, almost fully dynamically 
recrystallized grain structures were obtained in all alloys. However, some unrecrystallized grains were also 
observed in AM60 alloy. That is to say, indium addition promoted dynamic recrystallization mechanism. The 
average recrystallized grain sizes were measured as 10.9 m, 9.0 m, 9.5 m and 9.7 m for hot-rolled AM60, 
AM60-0.2In, AM60-0.5In and AM60-1In alloys respectively. The formation of Mg-In binary compounds may 
result in pinning effect to some extent during the hot-rolling process. It should also be noted dynamically 
recrystallized grain size can be affected by the initial grain size of the alloys. 
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Figure 1 Microstructure images of as-cast a) AM60, b) AM60-0.2In, c) AM60-0.5In, d) AM60-1In 

 

Figure 2 Microstructure images of hot-rolled a) AM60, b) AM60-0.2In, c) AM60-0.5In, and d) AM60-1In 
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Figure 3 shows SEM microstructures of as-cast AM60 and AM60-1In alloys. Corresponding energy-dispersive 
spectroscopy (EDS) results of the points in Figure 3 are given in Table 2. It can be seen that, the microstructure 
of AM60 alloy consisted of primary -Mg grains and divorced -Mg17Al12 phase. With 1 wt.% In addition, -
Mg17Al12 phase appeared to be decreased and a new compound, which can be Mg-In binary compound, with 
high In concentration was observed. The Mg-In binary compounds were mostly seen as tiny particles located 
at triple junctions in AM60-1In alloy. 

 
Figure 3 SEM images of as-cast a) AM60 and b) AM60-1In alloys 

Table 2 EDS results of the points indicated in Figure 3 

Alloys Point 
Elements (wt.%) 

Mg Al Mn In 

AM60 
A 78.67 21.32 0.01 - 

B 94.37 5.57 0.06 - 

AM60-1 In 
A 62.22 4.05 0.36 33.37 

B 95.49 3.36 0.29 0.86 

3.2. Mechanical Properties 

Figure 4 a), b) illustrates tensile test results of as-cast and hot-rolled AM60 alloys with different In additions. 
AM6-0.5In alloy exhibited the best mechanical properties among the as-cast alloys with 70 MPa yield strength 
and 215 MPa ultimate tensile strength allied with 7 % elongation. Further In addition led to a sharp decrease 
in mechanical properties of as-cast alloys. This behaviour was attributed to a possible premature crack 
propagation caused by Mg-In binary compounds in the AM60-1In alloy whereas grain refinement and solid 
solution strengthening dominated the improvement in mechanical properties of AM60-0.5In alloy. As presented 
in Figure 2, hot-rolling process gave rise to a much finer microstructure with less dislocation density due to 
dynamic recrystallization mechanism. Therefore, the mechanical properties of the as-cast alloys remarkably 
improved after hot-rolling process as shown in Figure 4 (b). It should be noted that In-added hot-rolled alloys 
showed greater mechanical properties than AM60 alloy. This is mostly because of the different average 
dynamically recrystallized grain sizes of the alloys and dispersion strengthening caused by Mg-In binary 
compounds. Further investigations, such as higher additions than 1 wt.% of In and different rolling processing 
routes and parameters can provide better understanding the relationship between In and the properties of 
AM60. 
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a)       b) 

 
Figure 4 Tensile test results of (a) as-cast and (b) hot-rolled alloys 

4. CONCLUSION 

The following conclusions can be drawn: 

 The microstructure of AM60 alloy consisted of primary -Mg grains and divorced -Mg17Al12 phase. With 
1wt.% In addition, -Mg17Al12 phase appeared to be decreased in volume fraction and a new compound, 
which thought to be Mg-In binary compound, was observed. 

 The average as-cast -Mg grain size decreased with increasing In content up to 0.5 above which it 
slightly increased. After hot-rolling, almost fully dynamically recrystallized grain structures were obtained 
in all alloys. However, some unrecrystallized grains were also observed in AM60 alloy. That is to say, 
indium addition promoted dynamic recrystallization mechanism. 

 AM6-0.5In alloy exhibited the best mechanical properties among the as-cast alloys. The mechanical 
properties of the as-cast alloys remarkably improved after hot-rolling process. In-added hot-rolled alloys 
showed greater mechanical properties than AM60 alloy. 
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Abstract  

Electron beam welding offers many advantages over other methods of fusion welding. High current density of 
electron beam is one of the advantages. Energy delivered on the surface of welded components allows rapid 
melting and evaporation of base materials. It is possible to weld materials with the different thermophysical 
properties under condition of appropriately adjustment of process parameters. One of the examples is welding 
of aluminum and titanium alloys, which provides suitable combination of physical and mechanical properties, 
especially for aerospace and automotive industry. Fusion welding of these materials is associated with the 
formation of intermetallic phases during mixing of basic materials and subsequent solidification and cooling of 
weldment. In this work was evaluated influence of welding speed, oscillating frequency, beam focus and offset 
of electron beam on the structure and integrity of welded joints. The resulting weld joints were evaluated by 
using light and electron microscopy. Type of intermetallic phases observed in the welds was determined by 
EDS analysis. Estimation of mechanical properties was carried out on the base of measurement of 
microhardness profile across weld joints.    

Keywords: Electron beam welding, intermetallic phases, aluminum alloy, titanium alloy, dissimilar weld 

1. INTRODUCTION 

Light metals such as aluminum and titanium and their alloys are important construction materials with a high 
strength-to-weight ratio. This relates to demand for dissimilar joints of these materials, especially in the 
airspace and automotive industry. Aluminum alloys lead to saving of weight and energy. On the contrary, 
titanium alloys provide required strength and improve the corrosion resistance. Nevertheless, the fusion 
welding of aluminum and titanium alloys is a difficult task due to the different physical properties, especially 
due to a large difference of melting points. These differences lead to the formation of brittle intermetallic (IMC) 
phases at the weld interface or after significant dilution of base materials (BMs) [1, 2].  

As describe above, fusion welding results in formation of undesirable IMC phases such as TiAl, TiAl3 and Ti3Al 
which causes an embrittlement and decrease of strength of dissimilar joints. This problem can be resolved by 
other techniques such as riveting, clinching and screwing. These are still widely used techniques. However, 
these techniques require additional machining and use of another material which could increases the resulting 
weight. In recent years, laser welding, diffusion welding, friction welding and ultrasonic welding have been 
used to produce the lightweight Al/Ti structures [1]. The successful welding of titanium to aluminum especially 
requires control above all the formation of IMC phases. A lot of experiments about welding titanium to aluminum 
were already done. For example, Jiangwei et al. [4] carried out diffusion welding of Ti/Al alloys, Dressler et al. 
[5] used friction stir welding and Majmudar et al. [6] performed crack-free Ti/Al welds by CO2 laser. Direct 
keyhole laser welding of Ti/Al alloys was published by Tomaschuk et al. [2]. Further possibility was used of 
modified welding method. Bang et al. [7] presented gas tungsten arc welding supported by hybrid friction stir 
welding of Ti6Al4V/AA6061-T6 alloys. Chan et al. [8] improved the reaction at Ti/Al interface by laser welding-
brazing process. These methods relate to the effort to reduce dilution and changes in chemical composition of 
BMs to avoid the formation of IMC phases. 
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An alternative for welding titanium to aluminum is the use of electron beam. This method as well as a laser 
beam welding brings several benefits. Among the benefits of electron beam welding (EBW) belong high energy 
density (about 107 W∙cm-2), presence of vacuum, precise control and high welding speeds. The high energy 
density is required for welding by the keyhole mode resulting in deep and narrow welds with limited 
deformation. The fusion and heat affected zone are usually narrower than in other fusion welding technologies. 
High welding speeds leads to small interaction zone which promote high thermal gradients. Thermal gradients 
are useful for the local phase content optimization. The mixing and diffusion phenomena can be reduced. 
Furthermore, the differences in thermophysical properties of welded materials can be reduced by offsetting 
the beam toward one of the BMs. The resulting strength of joint is related to the thickness of IMC layer formed 
at the weld interface [2, 3]. 

Nevertheless, publications about EBW of aluminum to titanium are limited. For this reason, the weldability of 
aluminum alloy AA6061 and titanium alloy Ti6Al4V is studied in this paper. The main objective is minimized 
dilution of BMs by offsetting the electron beam to the aluminum or titanium side. The interfaces between 
aluminum and titanium alloys are analyzed in more details.    

2. EXPERIMENTAL MATERIALS AND PROCEDURES 

Aluminum alloy AA6061-T651 and titanium alloy Ti6Al4V were selected as BMs for this experiment. The BMs 
were delivered in form of sheets with thickness 8 and 8.5 mm. Chemical composition of used alloys is 
presented in Table 1. The structure of heat treated aluminum alloy contained α-Al solid solution, hardening β 
phases (Mg2Si) and Q phases (Al-Mg-Si-Cu-Fe-Mn)). Titanium alloy was in mill annealed condition with 
structure formed by equiaxed grains of α phase and small amount of β phase.   

Table 1 Chemical composition of base metals (wt.%) 

 Ti Al V Fe Si Mg Cu Mn 

Ti6Al4V Bal. 6.46 4.11 0.21 - - - - 

AA6061 0.01 Bal. - 0.45 0.72 1.11 0.24 0.14 

Table 2 Parameters of electron beam welding 

The EBW was carried out using the universal chamber machine K26 (EBG 60-150; Pro-Beam company, 
Germany). The parameters of the dissimilar welds are given in Table 2. The term spot used in Table 2 
describes the dimensions and shape of electron beam scanning patterns. Each sample was welded with 
electron beam focused on the sample surface. The samples were welded without preheating except the 
sample F. Sample F was welded with preheating on 400 °C by defocused electron beam (beam current 1.3 
mA; 5 minutes). Samples B and C were made with lower accelerating voltage in order to reduce  
the evaporation of alloying elements which released mainly from the aluminum alloy. The remaining samples 

Sample Accelerating 
voltage (kV) 

Beam current (mA) Welding speed 
(mm∙s-1) 

Frequency (Hz) Spot (mm) Offset (mm) 

A 120 20 15 500 Ø 0.2 0 

B 80 30 15 500 Ø 0.25 0.3 (Ti) 

C 80 30 15 500 Ø 0.25 0.3 (Al) 

D 120 20 15 500 Ø 0.2 0.4 (Al) 

E 120 20 15 500 Ø 0.2 0.5 (Al) 

F 120 20 15 500 Ø 0.2 0.5 (Al) 
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were made with a higher accelerating voltage and a lower beam current. This setting provided the same level 
of energy (2.4 kW) and a lower divergence of electron beam.  

The samples were ground, polished and etched in Kroll’s reagent (2 ml of hydrofluoric acid, 8 ml of nitric acid 
and 92 ml of distilled water) for metallographic analysis. Microstructure analysis was performed by light 
microscopes Olympus GX-51 and Zeiss Axio Observer Z1m. Further studies of microstructure and chemical 
composition were performed by scanning electron microscope Zeiss Ultra Plus equipped by energy-dispersive 
X-ray spectroscopy (EDS) detector Oxford. Leco LM 274AT device was used for microhardness 
measurements (HV0.1) across the weld joint. 

3. RESULTS AND DISCUSSION 

In the case of significant dilution of BMs, the several individual areas were distinguished during the 
macroscopic evaluation of dissimilar Ti/Al welds. These were the five areas: aluminum base metal (Al-BM); 
aluminum weld metal (Al-WM); titanium base metal (Ti-BM); titanium heat affected zone (Ti-HAZ) and bulk of 
titanium intermetallic phases (Ti-IMC). This was typical for samples A, B and C (Figure 1) where the settings 
of diameter and offset of the electron beam were inadequate to reduce the dilution of BMs. Tomaschuk [2] 
used high energy of the laser beam and high welding speed to reduce the interaction time between liquid 
phases during welding of 2 mm thick Ti/Al sheets. Vice versa, the formation of bulk Ti-IMC was still observed 
in the upper part of welds during welding of thick sheets by high welding speed and high electron beam energy. 
The pores and cracks were presented in the bulk of Ti-IMC due to rapid solidification. The pores originated 
from entrapped vapors of alloying elements [9]. When the dilution of BMs was limited (sample D, E and F), 
only three individual areas were observed in the dissimilar welds: Ti-BM; Al-WM and Al-BM. This has been 
achieved by shifting of electron beam more than 0.3 mm into the aluminum alloy. Under these conditions, the 
melting occured predominantly in the aluminum alloy (Figure 2). The cracks in Al-WM arising at solidification 
of weld metal were observed in the upper half of weld.  

       
Figure 1 Macrostructure of dissimilar Ti/Al welds: a) sample B; b) sample A; c) sample C 

The resulting microstructures of welds depend on the values of the beam offset. A limited portion of Ti alloy 
was heated and melted when the beam offset was less than 0.3 mm (to the Al alloy). Titanium alloy had the 
same microstructure as in the Ti/Ti welds [10]. This microstructure contained the mixture of martensitic 
structure and portion of non-transformed β-phase (Figure 3a). The formation of bulk IMC phases at the Ti/Al 
interface depend on the size of dilution of Ti and Al alloys (Figure 3b). The chemical composition of IMC 
phases gained from EDS spot analysis is shown in Table 3. The amount of hard, brittle and prone to cracking 
Ti3Al phase (no. 2) increased with higher portion of melted Ti-BM. The smaller amount of melted  
Ti-BM led to formation of TiAl phase (no. 1). This phase grew from Ti-rich phases at Ti/Al interface into  
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Al-WM. TiAl3 phase (no. 3) was presented in the form of clusters and needles in Al-WM. TiAl3 phase (no. 3) 
was observed in form of clusters and needles. The needles of TiAl3 grew from Ti/Al interface into Al-WM after 
solidification of Ti alloy due to diffusion process. Higher proportion of IMC phases degraded mechanical 
properties of resulting weld joints [1, 8]. Thin IMC layer was formed due to diffusion process at Ti/Al interface 
when the electron beam offset was set more than 0.4 mm into Al-BM. In this case, titanium atoms diffused 
from Ti-BM into Al-WM during heating and subsequently these atoms reacted with molten Al to form TiAl 
compounds [1, 4]. Creation of layer was suppressed by beam offset more by 0.4 mm (sample E and F). These 
joints contained small interdendritic cracks in Al-WM typical for weld metal of aluminum alloys. Reducing the 
cooling rate by preheating to eliminate interdendritic cracks was not successful (Figure 3d). Microstructure of 
Al-WM (Figure 3e) was created by α-Al solid solution. The interdendritic areas were enriched by alloying 
elements, due to the segregation process. 

       
Figure 2 Macrostructure of dissimilar Ti/Al weld - sample E400 °C: a) weld top; b) weld center; c) weld root  

 

       
Figure 3 Microstructures of dissimilar Ti/Al welds - a) Ti-HAZ (sample A); b) Al/Ti interface (sample C);  

c) Al/Ti interface (sample D); d) Al/Ti interface (sample F) and e) Al-WM (sample D) 

Table 3 Chemical composition of IMC phases (at.%)  

 

 

 

No. Ti Al V Fe Si Mg phase 

1 38.0 60.2 1.6 - 0.2 - TiAl 
2 70.5 26.2 3.0 0.2 0.1 - Ti3Al 

3 10.4 87.6 0.4 0.1 1.0 0.5 TiAl3 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1547 

Figure 4 presents results of EDS analysis across the weld joints. It is evident that concentration of Al in Al-
WM was at same level like in Al-BM. Significant dilution of BMs occurred only in the case of set an inappropriate 
beam offset. These conditions led to formation of bulk IMC phases. When the beam offset was set more than 
0.3 mm the dilution of BMs was reduced. Under these conditions concentration of presented elements 
(including alloying elements) were also at the same level as in BMs.  

   

Figure 4 Results of EDS analysis across Al/Ti weld 

The development of HV0.1 microhardness across dissimilar weld samples can be seen in Figure 5. In the 
case of formation bulk IMC phases the sharp change of microhardness profile was observed. This change 
indicated decrease of mechanical properties of weld joints. Increase in microhardness at Ti/Al interface was 
caused by presence of Ti3Al and TiAl phases and depended on the amount of these phases. Maximal hardness 
arisen up to 600-700 HV0.1, which indicated low tensile strength of these welds [2, 6]. Microhardness in Ti-
HAZ followed microstructure changed typically for homogeneous Ti welds. In Al-WM was not observed drops 
in hardness, conversely hardness was comparable to Al-BM.   

 
Figure 5 Microhardness profile across dissimilar welds 
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4. CONCLUSION 

In this paper the electron beam welding process was used for joining of Ti6Al4V titanium alloy and AA6061-
T651 aluminum alloy.  

 By appropriate settings of electron beam offset could be controlled type and amount of emerging IMC 
phases in dissimilar Ti/Al weld joints. It depends whether the beam energy is used to melt one or both 
BMs.    

 Beam offset below 0.3 mm to Al side lead to significant dilution of BM and subsequent formation of bulk 
IMC phases. IMC bulk contains especially hard and brittle Ti3Al and TiAl phases which are sensitive to 
the cracking under high cooling rates.  

 At offset 0.4 mm to Al slide only aluminum alloy was melted. But the formation of thin IMC layer was 
occurred due to the diffusion processes between solid titanium and liquid aluminum.  

 The beam offset greater than 0.4 mm to Al side lead only to aluminum alloy melting. The formation of 
IMC phases was completely suppressed. The conditions of solidification lead to the formation of small 
interdendritic cracks inside Al-WM.  
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Abstract:  

The improvement of the tribological behavior of the titanium alloys used for hard implants requires the 
application of different treatments (heat treatment and electron beam surface modification (EBSM) by scanning 
electron beam) that homogenize the bulk and surface structure as compared with the as-received material. In 
view of analyzing the influence of the applied vacuum heat treatment on Vickers hardness in three mutually 
perpendicular planes of the Ti5Al4V samples in as-received, quenched and quenched and precipitated 
condition are used for determining the plane for scratch test analysis and application of the EBSM afterward. 
The aim of this study is to reveal the changes in the mechanical properties (hardness, the coefficient of friction 
(μ) and tangential force (Ft) at a progressive loading of the normal force (FN) up to pre-defined maximal value. 
The scratch results compare the heat treated and EBSM samples in different conditions in the rolling directions 
of testing. Such studies will be useful for further examinations of the alloy. 

Keywords: Hardness, scratch, resistance to plastic deformation, concentrated energy fluxes 

1. INTRODUCTION 

The deposition of appropriate coatings or surface modifications together with a proper treatment of the 
substrate material are the decisive factors of the long-term stability of a hard implant for the orthodontic and 
dental application. If the alloy material is soft the surface film tends to fragmentize or dip into the implant that 
leads to fast wear of the surface, low internal fixation, and early implant failure. The wear of the surface due to 
the mechanical loading triggers electrochemical processes because of the different conductivity of the surface-
substrate materials. That fact together with a poor osseointegration that accelerates corrosion [1], could cause 
inflammatory reactions to occur. One way of raising the long-term stability of the implant is to enhance the 
hardness of the material through heat treatment or/and additional modification of the surface with the help of 
concentrated energy fluxes like laser [2-4], electron beam [5, 6] etc. In the particular study, the possibility for 
enhancement of the mechanical properties of Ti5Al4V alloy through a combination of vacuum heat treatment 
and electron beam surface modification (EBSM) is studied. The examinations used for evaluating the elastic-
plastic behavior of the alloy are hardness measurements and scratch tests for determining the change in the 
coefficient of friction (μ), tangential force (Ft) and resistance to plastic deformation (RPD). 

2. MATERIALS AND EXPERIMENTAL PROCEDURES 

Samples with dimensions 14×14×4 mm were cut out of 16 mm thick sheet material using the electroerosion 
cutting method. The chemical composition of the alloy given in Table 1 was measured by JEOL JXCA-733 
Microprobe scanning electron microscope (SEM) coupled to a WDX detector. The focused electron beam with 
50 μm diameter was operated at 19.9 kV for the acquisition of the chemical composition. 
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The as-received alloy samples were single solution treated (ST) for 30 min at 920 °C and water quenched. 
Half of the specimens were precipitated (P) for 4 hours at 500 °C and air cooled. All treatments were carried 
out in ≤ 1 Pa vacuum. The surfaces of the samples were grounded and polished before the EBSM.   

Table 1 Chemical composition (in wt.%) of the Ti5Al4V alloy 

 Al V Fe Mn Co Cr Mo Pd Nb Hf Ti 

Ti5Al4V 5.212 4.403 0.139 0.113 0.065 0.002 0.174 0.153 0.363 0.036 Bal. 

To study the effect of the surface treatment the Electron beam surface modification (EBSM) was applied to as-
received, solution treated (ST) and ST and precipitated (ST+P) samples. The EBSM was carried out by 
electron beam installation Leybold Heraus (EWS 300/15-60). The following technological parameters were 
applied: electron beam current I = 20 mA, accelerated voltage U = 52 kV, speed of the samples motion v = 0.5 
cm/s, electron beam frequency f = 1 kHz, electron beam diameter d = 0.5 mm and linear manner of scanning.  

A Vickers Hardness tester 432 SVD by Wilson-Wilpert was used for the hardness measurements [7] by a load 
of 10 kg, dwell time of 10 s and distance 500 μm between the indents. Тhe cross-section hardness of the 
EBSM samples was measured by 300 g load up to 500 µm depth from the surface. The scratch tests were 
performed on the rolling direction (perpendicular to the strips) of the samples with a CSM REVETEST Scratch 
Macrotester equipped with a Rockwell C diamond indenter with 200 μm tip radius and digitalized by 16-FMME-
02 project [8]. Progressive load scratching mode with normal force range of 0 N to 30N was used in the 
experiments at a speed of 10 N/mm. The scratch track was evaluated using optical methods as well as by 
means of digital-signal records of the friction coefficient (μ) and tangential force (Ft).The light optical 
microscopy of the scratch tracks was performed using a Nikon microscope after Kroll’s reagent etching the 
samples. The 14-megapixel digital camera was adapted to the microscope and used for the image acquisition. 

The resistance to plastic deformation (RPD) was evaluated by the equation RPD = FN/A [9], where FN is the 
normal force at maximal loading (30 N) and A is the area under the indenter.  

3. RESULTS AND DISCUSSIONS 

The results of the hardness measurements (Figure 1) in three mutually perpendicular planes - rolling direction 
(RD), normal direction (ND) and the top surface of the as-received, ST and ST+P showed differences because 
of the residual plastic deformation after rolling. Despite the heat treatment made, full recrystallization does not 
occur. Тhe highest hardness value of the ST sample was measured in the RD where the hardness increased 
by 15.9 % аs opposed to the as-received RD plane (Figure 1a). In the other two planes, the hardness changed 
by 16 % and 18.5 % for the top surface and ND, respectively. This difference was caused by the higher amount 
of occurring structural changes in both planes. In the case of the ST+P, this trend had continued and the 
changes were equal to 20 %, 21 % and 24.5 % for the RD, plan, and ND, respectively. After the EBSM (Figure 
1b) the surface hardness of the as-received sample increased by 15 %, which was higher than the 
strengthening of the ST sample where the hardness grew by 13.5 %. For the ST+P sample, the hardness 
change after the EBSM was insignificant. The penetration depth of the Vickers indenter varied within the range 
of 31 µm (for the ST and ST+P) and about 34 µm (for the as-received) when measuring the hardness of the 
EBSM samples in the RD. 

The highest hardness of all three samples was measured in the RD which was selected for the tribological 
tests. The RD was used for determination of μ coefficient of the as-received, ST and ST+P samples 
(Figure 2a). It could be observed that for the as-received sample the μ showed low initial values because of 
the fibrous texture (Figure 4a) and low hardness value. With the increase in load from 5 N to 30 N the μ trend 
unevenly fluctuated and varied from 0.3 up to 0.48. This phenomenon could be explained by the crossing of 
the indenter of differently structured stripes. The lamellar morphology reflects the Ft trend (Figure 2c). The 
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latter followed a progressive growth. The Ft fluctuations weakened with the increase of load because of the 
higher penetration of the indenter in depth. 

 

a) b) 

Figure 1 Average hardness values measured at a) three mutually perpendicular directions of the as-
received, ST and ST+P samples; b) comparison of the average hardness values in the rolling direction of the 

specimens before and after the EBSM 

a) b) 

c) d) 

Figure 2 Comparison of the tangential force (Ft) and coefficient of friction (μ) during progressive 0 N to 30 N 
scratch test: a) μ of the as-received and heat treated samples; b) μ of the EBSM samples; c) Ft of the as-

received and heat treated samples; d) Ft of the EBSM samples 

The μ showed high initial values for the ST sample (Figure 2a) because of the higher surface hardness of the 
alloy and after 5 N the fluctuations were smaller. At about 19 N the μ increased аnd dropped sharply because 
of the local decrease in the sub-surface hardness (Figure 3d). The μ tendency was similar to those of the as-
received sample and ranged about 0.4. After quenching Ft increased almost evenly (Figure 2c) due to the 
more homogenous and coarse structure but it indicated higher values in the entire interval up to 30 N. After 
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ST+P (Figure 2a) μ showed the lowest values and fluctuations because of the refined by the precipitates 
harder structure. Therefore, the precipitation will increase the durability of the alloy. Ft also showed the lowest 
values in almost whole examined loading range (Figure 2c) suggesting that the working resistance of the 
material in ST+P condition would be the lowest.  

After the EBSM with this certain values of the parameters, the depth of the surface impact was about 263, 328 
and 341 µm (determined at cross-sections micrographs) for the as-received, ST and ST+P, respectively, which 
influenced the in-depth hardness (Figure 3d) and μ values (Figure 2b). The lowest was the μ trend for the as-
received+EBSM sample and it steadily increased up to 21 N. Similar in character μ trend was observed for the 
ST+P+EBSM sample where the starting values were also low. This effect in the μ trends of both specimens 
could be attributed to the surface grain refinement (Figure 4 d, f) and phase transformations occurring deeper 
in the substrates. The highest μ fluctuations and values were determined for the ST+EBSM specimen. The 
electron-beam treatment influenced its Ft values (Figure 2d) in a way similar to the changes in the μ trend. 

a) b) 

c) d) 

Figure 3 Comparison of the tangential force (Ft) and coefficient of friction (μ) during progressive 0 N to 30 N 
scratch test of: a) as-received and as-received+EBSM sample; b) ST and ST+EBSM sample; c) ST+P and 
ST+P+EBSM specimen; d) cross-section hardness of the as-received, ST and ST+P samples after EBSM 

To get a comprehensive view of the changes occurring in the alloy after the different treatments, three 
comparative diagrams indicating μ = f(FN) and Ft = f(FN) for all examined specimens are shown in Figures 3a, 
b, and c. For the as-received sample (Figure 3а) a clear decrease of μ in the range of 0 N up to 20 N was 
noticeable. This implies that the EBSM of the as-received material enhances its surface properties significantly. 
Under anormal load of 20 N - 30 N the treatment influence decreased because of the penetration of the indenter 
in the area of lower hardness (Figure 3d). The change in Ft trend up to 21 N was comparatively even that 
points a higher surface toughness compared to the untreated material. The μ and Ft trends followed the highest 
positive change of all EBSM samples. In the case of the ST alloy (Figure 3b), the changes after EBSM were 
the smallest. Regardless of this, μ and Ft tendencies of the EBSM sample displayed slightly lower values than 
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those of only ST specimen. This fact suggests that the EBSM treatment produces new surface structure but 
with similar morphology and mechanical properties. The μ upward trend continued until 20 N loading and after 
that the effect of the surface modification disappeared. In the initial phase up to 15 N load an essential 
improvement of the μ and Ft after the EBSM of the ST+P sample was seen (Figure 3c), where these 
parameters showed lower values. Despite the greater depth of the modified area, the EBSM after the 
precipitation had a little effect applied to the as-received and ST samples. This indicates that the obtained 
structure after ST+P+EBSM with the certain values of the parameters possesses lower durability than the other 
two electron-beam treated samples. At load value of between 20 N and 30 N the indenter penetrated deeper 
in the substrate and the surface treatment effect was lost. 

a) b) c) 

d) e) f) 

Figure 4 Micrographs of the scratch track ends of progressive 0 N - 30 N test of: a) as-received; b) ST; c) 
ST+P; d) as-received+EBSM; e) ST+EBSM; f) ST+P+EBSM samples 

The changes in the µ and Ft values could be attributed to the microstructural characteristics of the as-received, 
heat treated and EBSM samples. The micrograph of the scratch track end of the as-received sample (Figure 
4a) indicated cutting plastic deformation [10] after the indenter which explained the high RPD reaching a value 
of 52 MPa. This high measured value was due to the elastic component of the deformation that reduced the 
width of the scratch track end after unloading. After quenching the end of the scratch track showed wedge-
forming plastic deformation [10] with low piling-up of material in front of the indenter. The RPD value of the ST 
sample (Figure 4b) was equal to 49 МРа at 30 N loading. For the ST+P alloy (Figure 4c) the straightening 
precipitates increased the RPD value up to 55 МРа at 30 N. For the as-received and heat treated samples the 
penetration depth of the indenter did not exceed 20 µm. The EBSM changes the surface structure that 
improves the mechanical properties of the alloy. For the as-received+EBSM sample, the RPD was rising to 60 
МРа or it increased by 13 % as opposed to the as-received sample. The electron-beam treatment changed 
the way of plastic deformation from cutting into ploughing as seen in the scratch track micrograph (Figure 4d). 
For the ST+EBSM the RPD values increased by 1.5 % compared to the ST alloy which was confirmed by the 
similar micrograph of the track ends. In the case of the ST+P+EBSM, the RPD achieved a value of 57 МРа or 
it increased by 3.2 % as opposed to the ST+P sample. For the EBSM samples, the penetration depth of the 
indenter reached a value of 12.6 µm. The differences in the hardness values and the parameters defined by 
the scratch tests refer to the distinctions in the depth of examination and in-depth hardness values obtained 
after the EBSM. 

4. CONCLUSION 

The examined vacuum heat treatment processes enhance the surface hardness values by 16.77% and 
21.84 % for the ST and ST+P, respectively and after EBSM these values additionally rises up by 13.49% 
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(overall 30%) and 2% (overall 23.8%)for the ST+EBSM and ST+P+EBSM, respectively. The most favorable 
effect of the EBSM with the certain values of the parameters on the tribological performance of the alloy is 
observed for the as-received sample. The surface treatment less affects the ST specimen. The EBSM changes 
the surface morphology which affects the µ trends, especially in the case of the as-received sample. These 
first successful outcomes for the enhanced mechanical properties of the implant alloy suggest the need for 
further research to establish the optimum parameters for EBSM in order to increase the surface toughness of 
the α+β titanium alloy. Additional metallographic, phase and tribological analysis are necessary to explain the 
surface changes as well as additional surface treatments for improvement of the surface properties of the alloy 
are needed to be explored. 
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Abstract 

Obtaining of an appropriate implant material requires a detailed analysis of the effect of the applied surface 
treatments. In the particular study, the Ti5Al4V alloy was vacuum heat treated and electron beam surface 
modified (EBSM) by scanning electron beam and its surface characteristics were revealed by modern 
topographic and metallographic analysis. The studies provided an essential insight into the change of the 
surface characteristics - topography and surface roughness, as well as the transformations of the structure 
caused by the vacuum heat treatment (solution treatment and precipitation) and the subsequent EBSM. The 
results from the SEM, AFM, and profilometry analyses after the EBSM of the as-received, quenched and 
precipitated Ti5Al4V alloy were compared. The obtained results are indicative of the alloy ability to modify the 
desired structure, appropriate for biomedical applications.  

Keywords: Titanium alloy, SEM, AFM, EBSM, surface roughness 

1. INTRODUCTION  

The main concern on recent developments of hard implant materials is considered to be the different 
modifications and treatments that usually change the mechanical strength, surface energy or its composition.  
It is well known that the osseointegration and micro-mechanical interlocking between bone - implant and tissue 
ingrowth are very much influenced by the surface morphology of Ti-based materials [1, 2]. Simultaneously, the 
treatment for producing the surface roughness should maintain or even increase the mechanical strength of 
the surface, because the fatigue limit for the Ti alloys is greatly influenced by both microstructure and surface 
conditions. Some roughening treatments like SLA (sandblasting and acid etching) procedure have a proven 
negative effect on the fatigue behavior of the material, leading to a higher susceptibility to crack initiation [3]. 
The electron beam surface modification (EBSM) gives the opportunity to obtain reproducible isotropic textures 
with regular surface pattern without any surface contamination. The process is fast and precisely controlled. It 
is able not only to change the surface roughness and texture but to influence the distribution of the chemical 
elements and the material properties. The optimal implant surfaces show wave-like structures [4] but the best 
bio-topography for hard implant materials is still unknown. The purpose of this study is to evaluate the surface 
texturing pattern and microstructure of as-received, solution treated and water quenched as well as quenched 
and precipitated Ti5Al4V samples with well-controlled wave-like structures generated by the scanning electron 
beam. 

2. MATERIALS AND EXPERIMENTAL PROCEDURES 

Samples with dimensions 14×14×4 mm were cut out of 16 mm thick sheet material using the electroerosion 
cutting method. The chemical composition of the alloy given in Table 1, was measured by JEOL JXCA-733 
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Microprobe scanning electron microscope (SEM) coupled to a WDX detector. The focused electron beam with 
50 μm diameter was operated at 19.9 kV for the acquisition of the chemical composition. 

Table 1 Chemical composition of the Ti5Al4V alloy (wt.%) 

Chemical element Al V Fe Mn Co Cr Mo Pd Nb Hf Ti 

Ti5Al4V 5.2 4.4 0.14 0.11 0.065 0.002 0.17 0.15 0.36 0.036 Bal. 

The as-received samples were single solution treated (ST) for 30 min at 920 °C and water quenched. Half of 
the specimens were precipitated (P) for 4 hours at 500 °C and air cooled. All treatments were carried out in≤1 
Pa vacuum. The surfaces of the samples were grounded and polished before the EBSM. To study the effect 
of the surface treatment, the EBSM was applied to as-received, ST and ST and precipitated (ST+P) samples.  

The electron beam surface modification (EBSM) was carried out by electron beam installation Leybold Heraeus 
(EWS 300/15-60). The following technological parameters were applied: electron beam current I = 20 mA, 
accelerated voltage U = 52 kV, speed of the samples motion v = 0.5 cm/s, electron beam frequency  
f = 1 kHz, electron beam diameter d = 0.5 mm and linear manner of scanning.  

Two roughness measurement instruments were used: Atomic Force Microscope (AFM) and a stylus 
profilometer. The samples were evaluated quantitatively with respect to Ra (average roughness) and Rz 
(maximum roughness height) after ten times scanning with a cut-off value of 0.8 mm in a direction 
perpendicular to grooves caused by the local melting using a contact profilometer (Mitutoyo SJ 201 P). The 
AFM (Anfatec Instruments AG, Germany) was used to characterize the nano-surface topography. The 
curvature radius of the silicon tip was 10 nm. The measurements were realized in the non-contact mode when 
the tip was scanning over the studied surface at a distance of few nanometers. The 3D-images of the scanned 
samples were created with ANFATEC PRESENT software. Each surface was scanned five times at different 
locations at scanning area 30×30 µm. The data were analyzed and the average roughness parameter Sa was 
calculated. 

The light optical microscopy was performed on the top surface and cross-section of the samples using a Nikon 
microscope. The 14-megapixel digital camera was adapted to the microscope and used for the image 
acquisition after Kroll’s reagent etching. Some of the micrographs were processed by Mountains Map premium 
v.7 software for grain size assessment. The surface morphology and chemistry of the samples was 
investigated using scanning electron microscope (SEM - LYRA I XMU, Tescan) equipped with energy 
dispersive spectroscopy (EDX - Quantax 200, Bruker) under an accelerating beam voltage of 20 kV.  

3. RESULTS AND DISCUSSIONS 

Table 2 summarizes the roughness parameters identified by the profiler and AFM surface measurement for 
the polished and EBSM samples.  

Table 2 Roughness parameters estimated by the profiler measurement and AFM surface analysis of the 
polished and EBSM samples. 

 Roughness average 
Ra (µm) 

Peak-to-valley 
roughness Rz (µm) 

Mean roughness 
Sa (nm) 

Max peak heights  
Sp (nm) 

Polished (control) 0.12 ± 0.02 0.81 ± 0.16 - - 

As-received + EBSM 0.24 ± 0.05 1.70 ± 0.27 36.88 ± 0.07 351.7 

ST + EBSM 0.22 ± 0.08 1.66 ± 0.58 46.68 ± 0.09 373.8 

ST + P + EBSM 0.24 ± 0.04 1.51 ± 0.24 53.75 ± 0.1 438.8 
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All treated samples exhibited micro-roughened topography (Table 2). The surface modification resulted in the 
formation of wave-like surface morphology (Figure 1). A regular morphology of ordered patterning dominated 
by relatively smooth elevations and recesses was obtained. The average wave-to-wave distance for the 
titanium surfaces was approximately 174 - 240 μm (Figure 1) for the three EBSM samples. The Ra average 
values were equal to 0.22 - 0.24 µm while the Rz values ranged from 1.51 to 1.70 µm. From the differences in 
the roughness values as determined by the profiler it was clear, that the surface response and the obtained 
morphology after the EBSM were sensitive to the initial heat treatment of the substrate. Quantitatively, the 
larger surface area and spaces between the peaks could act like biologically active scaffold providing more 
surface area for bone interlocking. It was shown that EBSM samples with a surface roughness of fewer than 
0.5 μm produced the ideal biocompatibility, in comparison to solid Ti6Al4V [5].  

AFM was used in order to understand the small-size roughness pattern generated within the wave-like 
structures. The AFM probing of 30×30 µm sampling area of the field located on the top furrow revealed that 
the average roughness Sa ranged between 37 and 54 nm while the Sp parameters reached values of 352 - 
439 nm (Table 2). This non-uniform small size patterning was a result of the diffusionless β → α’ - martensite 
transformation occurring within the surface re-melted zone during the electron-beam scanning. The 
precipitated martensite laths with a size of several micrometers followed a strong angular preferential 
orientation (Figure 1 a, b and c). In the case of the as-received EBSM sample (Figure 1a) the edges of the 
grain boundaries looked sharper than those of the ST (Figure 1b) and ST+P (Figure 1c) specimens where 
the grains appeared to have more rounded shape. Although the identified differences, the Sa and Sp values 
for all samples were in the same order of magnitude.  

  

 a) 

   b) 

 c) 

Figure 1 Top surface optical micrographs and AFM 2D and 3D images of the EBSM titanium alloy:  
a) as-received + EBSM; b) ST + EBSM; c) ST + P + EBSM  

The re-solidified layer formed by the electron-beam irradiation was differently structured within the non- and 
heat treated substrate materials (Figure 2). The shape and size of the initial grains were changed to equiaxed 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1558 

smaller grains because of the high cooling rates. As a result of the electron beam irradiation parameters, the 
heat conduction effect on the surface was small and the melting occurred only near to the surface. 
Nevertheless, the heat affected zone determined by the cross-section microstructure reached values of 263, 
328 and 341 μm for the as-received, ST and ST+P samples, respectively. This difference in depth could be 
attributed to the thermodynamic stability of the alloy in different heat treated conditions. For the as-received 
sample, the smaller depth of the electron-beam affected zone suggested that the beam energy was 
concentrated closer to the surface thus leading to increase in the re-melted grain size.  

 a) 
 

 b) 

 c) 
Figure 2 Optical micrographs of the EBSM samples: a) the as-received; b) ST and c) ST+P. The numbering 

indicates: 1) cross-section micrographs; 2) top view; 3) software processed top view image 

In order to determine the surface grain size in details, a software analysis of the optical micrographs was 
carried out (Figures 2a-3, 2b-3 and 2c-3). In general, the size of the crystal grains near to the surface of all 
EBSM samples was smaller than that located far from the surface (Figures 2a, b, and c-1). In contrast to the 
as-received+EBSM sample where the average grains’ area reached 867 µm2 (Figure 2a-3), the mean area of 
the grains of the ST+EBSM and ST+P+EBSM specimens (Figure 2b and c-3) reduced to 390 and 532 µm2, 
respectively, whereas the mean diameter decreased from 30 μm for the as-received to 17.7 and 19.5 μm for 
the ST+EBSM and ST+P+EBSM specimens, respectively. The smaller grain size obtained on the surface of 
the ST sample (Figure 2b-2 and 3) suggested more even heat distribution in depth of this specimen. This was 
also confirmed by the smooth, gradual change in cross-section microstructure (Figure 2b-1). In contrast, the 
precipitated alloy (Figure 2c-3) tended to form coarser re-melted grains than the ST+EBSM sample. As seen 

2 1 3 

1 2 3 

1 2 3 
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from the cross-section of the ST+P+EBSM sample (Figure 2c-1) the change in the structure was non-
homogeneous in depth and a thicker near-surface area was formed. Therefore, the pre-disposed to 
transformation tense microstructure of the ST+P sample distributed the beam energy unevenly in depth. The 
intense formation of coarser semi-coherent and non-coherent precipitates in this near-surface area could 
explain this phenomenon. It is worth saying that as the treatment affects the bulk structure and properties of 
the alloy, it would be essential for maintaining high surface hardness, toughness, and corrosion resistance.  

a)
b) 

c)
d) 

Figure 3 SEM images with their corresponding EDX pattern and element mapping: a) as-received (control) 
material; b) as-received+EBSM alloy; c) ST+EBSM sample; d) ST+P+EBSM sample 

Figure 3 shows the SEM images of the surface morphologies with the corresponding spectrum of the chemical 
elements of the control sample and the EBSM ones. The control surface (Figure 3a) was relatively smooth 
and free of scratches with no significant microstructural features. The determined chemical composition 
confirmed that the surface layer before and after the modification consisted of similar quantities of Ti, Al, and 
V and no contamination occurred during the surface treatment (Figure 3 b, c and d) as the specimens showed 
a low concentration of contaminants like C, N, etc. The energy distribution type X-ray spectrum indicated that 
there was a difference in the elements’ distribution while the chemical composition of the surface (Figure 3) 
was not changed by the EBSM. The spatial distribution of Ti, Al, and V after the EBSM treatment confirmed 
and corresponded to the micrograph observations and statistical surveys of the surface morphologies. In 
contrast to the non-homogenous element distribution in the control material, the surface of the EBSM 
specimens indicated more uniform and refined element map. Despite the relative coarser grain size, the as-
received+EBSM sample (Figure 3b) displayed finely dispersed elements in them. Similar fine distribution of 
the elements was seen for the smaller sized grains of the ST+EBSM alloy (Figure 3c). In the case of the 
ST+P+EBSM (Figure 3d) the areas with predominant Ti and Al-content increased in size that proved the 
occurring phase separation during the surface treatment. As seen from the element mapping of all EBSM 
specimens, the Ti, Al, and V distribution was more homogenous without regard to the direction perpendicular 
and parallel to the grooves caused by the local melting. The low amount of detected oxygen near to the surface 
suggested that the high kinetic energy of the beam did not introduce contaminants in the alloy for the short 
term heating of the material. Some oxides settled on the peaks could form the nano-sized particles visible at 
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AFM pictures (Figure 1) because of a selective oxidation of the finely distributed elements at the surface of 
the alloy.  

4. CONCLUSION 

In this study, the structure and some surface characteristics of the EBSM Ti5Al4V alloy before and after heat 
treatment were investigated. The successfully obtained surface structuring with a wave-like morphology 
showed micro-patterning as a result of the direct beam modification. The main outcomes from the applied 
surface modification treatment are a higher degree of spatial organization, highly efficient isotropic micro-
roughening with regular morphology, martensite transformation within the surface re-melted area, grain 
refinement and changes in the elements distribution (homogenization). 

The established surface modification would inevitably influence the phase composition, mechanical and 
electrochemical properties of the each treated sample and all of these changes should be identified. The 
optimal surface parameters and properties of the implant material should be determined depending on the 
conditions of hard implant operation (corrosive environment, loading, stress shield, bone properties, etc.).     
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Abstract  

This research work was focused on the application of powder metallurgy technology to the production of high-
quality products from Ti6Al4V alloy (Ti64). The common way to produce structural parts from Ti64 alloy is hot 
forging. At present, the stock for forging is commonly manufactured from cast material. An attractive alternative 
for producing such billets can be powder metallurgy technology (P/M). The processing of compacts makes it 
possible to reduce the cost of production and leads to obtaining very good quality of the microstructure and 
properties. It is also very important, that this process can be realised using commercial processing lines for 
forming the cast stock.  

The proposed procedures of development and verification of the parameters of deformation of Ti6Al4V alloy 
compacts in open-die forging process were discussed. As the material under investigation, compacts obtained 
from elemental powders were applied. The compacts were nearly free from porosity, which was confirmed by 
computed tomography non-destructive tests. The numerical modeling of hot forming of the selected forging 
was performed based on the finite element method (FEM). Various combinations of forging conditions were 
simulated, however the range of parameters was in accordance with possibilities of the industrial line. The 
results of modeling were verified in the trials conducted in industrial conditions. The quality of the product was 
estimated by the examinations of the microstructure as well as hardness measurements. It was found, that 
forging of billet, manufactured with application of the proposed powder metallurgy technology, leads to 
obtaining a defect-free Ti6Al4V alloy part.  

Keywords: Powder metallurgy, titanium alloys, hot forging, thermo-mechanical parameters, microstructure 

1. INTRODUCTION 

Titanium alloys are applied in aircraft, automotive and medical industries as well as in many other industrial 
sectors [1, 2]. Their suitability for producing highly responsible components is due to the properties of titanium, 
of which low density, fatigue strength, crack resistance and corrosion resistance are particularly important [3]. 
They also exhibit high strength under dynamic load conditions [4]. The disadvantages of titanium and its alloys 
include low thermal conductivity and machining difficulties [5]. The high cost of manufacturing is also a 
significant factor limiting the range of their application [6]. Ti6Al4V is the most commonly used titanium alloy, 
which, in addition to the advantages of titanium, has high heat resistance, good weldability and ductility, what 
in properly chosen conditions enables its processing in metal forming processes such as hot forging [7]. In this 
case, the cast alloy is most commonly used as a feedstock, but more and more attempts are made towards 
using charge material prepared by powder metallurgy route. This approach offers the opportunity to reduce 
production costs by using cheap starting materials and waste-free, energy-saving processes [8]. If priority is 
given to economic considerations, the proper choice of the starting material is very important. Prealloyed 
powders (PA) or blended elemental powders (BE) can be used in this role. Obtaining a titanium alloy product 
based on a mixture of powders is technologically simpler and much cheaper, so this method of producing the 
starting material is now seen as having good prospect of implementation. Current research activities in this 
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field concern, among others, the development of such technologies of manufacturing the products from powder 
mixtures, that lead to the homogenization of the chemical composition. One of the methods of achieving this 
is hot pressing of powder blends and further processing of blended powder compacts. Hot pressing with 
properly selected parameters allows obtaining a product of relative density ranging even more than 99% [9]. 
At present, Ti6Al4V alloy industrial processing is most commonly realized by extrusion, die forging and rolling. 
These processes can also be used to process powder compacts [9,10]. In this way the range of possible 
product geometries extends to long, flat or complex geometry products. The advantage of forming compacts 
under precisely controlled conditions is also the ability to influence the microstructure, and hence the properties 
of the product [11]. 

2. EXPERIMENTAL WORK 

2.1. Purpose and scope of the investigations 

The aim of the study was to develop and verify the favorable thermo-mechanical open die forging parameters 
for obtaining forged part of chosen geometry using Ti6Al4V alloy compact as a charge material. The scope of 
research covered the characteristics of the selected properties of the compacts, determining  the profitable 
parameters of forming the forgings of selected geometry by numerical analysis, and conducting forging trials 
in industrial conditions under analytically determined conditions and verification of designed process conditions 
by the obtained forgings hardness measurements as well as the observations of their microstructures. 

2.2. Investigated material characteristics 

Ti6Al4V alloy obtained by hot pressing of the mixture of Ti, Al and V powders showing average particle size 
below 150 µm (-100 mesh), was used as the starting material for laboratory tests and industrial forging trials. 
The chemical composition of the alloy is shown in Table 1. Hot pressing process was carried out at 1200 °C 
under 25 MPa for 4 hours under argon protective atmosphere.  

Table 1 The chemical composition of Ti6Al4V alloy obtained from the mixture of Ti, Al and V powders (wt.%) 

O V Al Fe H C N Ti 

<0.20  3.5÷4.5 5.5÷6.75 <0.30 <0.0015 <0.8 <0.05 Bal. 

2.3. The investigations of the powder compacts 

The compacts were subjected to density, metallographic and computer tomography (CT) non-destructive  
tests. 

Relative density tests of the compacts were performed basing on Archimedes method. The average density 
of the compacts measured using this method was 99.4 ± 0.14%. The obtained result showed high densification 
of powder mixture under chosen conditions of hot pressing.   

Computer tomography (CT) tests were performed at the Institute of Lightweight Engineering and Polymer 
Technology of TU Dresden in Germany. Diagram showing the location of an exemplary scan plane and sample 
scanned on this plane is shown in Figure 1. The observations of the internal structure of the compacts at  50 
μm resolution showed no pores. On the basis of the evaluation of CT results, the occurrence of continuous 
defects such as cracks or delamination has also been excluded. The results of the non-destructive tests 
indicate that the compacts, hot formed under the proposed conditions, can be used as a charge material for 
the production of structural parts.   
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Figure 1 Schematic representation of the location of the observed cross-section of the sample machined 

from the compact and selected computed tomography (CT) image of this cross-section with magnified 
fragment shown on the right side 

The observations of the microstructure of the compacts were carried out using light microscopy (Leica 
DM4000 M microscope). The cross-sections were etched in two steps using 6% HF in H2O and then 2% HNO3 
+ 2% HF in H2O. The microstructure of the compact is shown in Figure 2. It consists of thick α phase plates 
located in the β phase matrix and at the grain boundaries. Relatively homogeneous nature of the microstructure 
signifies, that the homogenisation of the chemical composition took place in the processed   compacts during 
hot pressing under the assumed conditions. The areas of α-phase plates were also observed on the 
investigated cross-sections. This may suggest a locally elevated concentration of vanadium stabilizing β-phase 
at the areas of primary vanadium powder particles location. Single spherical pores and very small pores were 
observed on the cross-sections examined under high magnification (Figure 2B) which confirmed small relative 
porosity revealed by the Archimedes method. 

   

Figure 2 Microstructure of Ti6Al4V alloy compact. Cross-sections at the center of the compact 

2.4. Modeling of hot open die forging of the compacts 

Basing on the results obtained at this stage of the investigations, numerical modeling of open die forging of 
powder compacts using Finite Element Method (FEM) was performed. The FEM analysis was designed and 
conducted using QuantorForm 3D V8 software. The geometry of the forged part is shown schematically in 
Figure 3A. The boundary conditions necessary for modeling were obtained from the compression tests 
performed on the Gleeble 3800 thermomechanical simulator. The flow curves [9], developed on the basis of 
plastometric tests, were introduced into the QuantorForm 3D software, what allowed proper modeling of the 
material flow. Basing on the preliminary results of the numerical simulation, a cylindrical charge with diameter 
of 40 mm and height of 37 mm was selected. Advantages and limitations of industrial conditions were taken 
into account in the performed simulations. The temperature of the lower and upper die in the die cavity zone 
was assumed to be 250 °C. The simulations included heating the charge material up to the temperature of 

  

A B 
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1000 °C, cooling it down in the die cavity to chosen temperature and forging in one stage. The maximal speed 
of the upper die was 450 mm/s. 

 
Figure 3 Geometry of the forging (A) and geometry of a billet in selected stages of open-die forging obtained 

from FEM numerical modeling, with corresponding effective strain distribution; B - initial stage,  
C - intermediate stage, D - final stage 

Figures 3 B, C, D show exemplary results of FEM analysis obtained from modeling the forging at the 
temperature of 900 °C, which for the test material was determined to be advantageous under high speed of 
forging press tools. The comparison shows the changes in the geometry of the charge in the selected open 
die forging stages and the corresponding equivalent strain distribution in the volume of the forged part. The 
results of numerical modeling showed, that open die forging under chosen conditions leads to the correct filling 
of die cavity. It has also been found, that the most favorable flow of the material and, consequently, the filling 
of die cavity can be obtained by placing the charge material on its lateral surface, crosswise to the direction of 
the larger dimension of die cavity (Figure 3A), due to its better stabilization in the initial forging stage. No laps 
were observed in the volume of the forged part. FEM analysis showed high values of the equivalent strain at 
the final stage of forging in forging flash and adjacent forging areas as well as in the area of contact between 
forged material and lower die ((Figure 3C). In the remaining part of the forged material the distribution of 
equivalent strain was uniform, what is advantageous.  

It was found that the results of the modeling under assumed conditions indicate the possibility of correct filling 
of die cavity and obtaining the product without any forging defects, what had to be verified.  

2.5. Verification of thermo-mechanical conditions for hot forging of powder compacts based on 
industrial trials  

The verification of thermo-mechanical hot forging conditions, determined by laboratory tests and numerical 
simulations, was carried out in industrial conditions in the BELOS PLP S.A. (Poland) forging plant. The product 
with the same geometry as used in numerical modeling was forged. A cylindrical charge of the dimensions 
assumed in numerical modeling was prepared for forging. Forging dies were heated up to the temperature of 
250 °C, the samples (charge material) and dies were lubricated. The charge was heated up to the temperature 
of 1000 °C, then placed in a die cavity in the screw press, cooled down to the temperature of 900 °C and 
forged in open dies in one stage. Tool speed was 450 mm/s, forgings were cooled in air. In the result of the 
hot forging trials, under the conditions determined by FEM modeling, a proper filling of forging die cavity 
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occurred. Forgings with the proper geometry and without visible external defects were obtained. Preliminary 
control of their geometry indicated, that the thermo-mechanical parameters of forging of powder compacts and 
the assumed process conditions were properly designed, what was verified by the observations of the 
microstructure of the obtained forgings. 

2.6. The investigations of forgings 

Hardness measurements were conducted by Vickers method. The average hardness values HV2 obtained 
from the 6 measurements, depending on the testing areas in selected zones lying in the symmetry plane of 
the forging, are summarized in Table 2. Similar hardness HV2 results were obtained, what should be 
considered as advantageous. One exception to this was the zone placed near the forging flash, where the 
hardness was slightly higher. For comparison, the mean hardness of the compact was also determined, which 
was 338 ± 14 HV2. In the result of the hot forging process under assumed thermomechanical conditions, the 
hardness of the material increased in all tested areas.  

Table 2 The average values of HV2 hardness on selected cross-sections of Ti6Al4V forging 

 

area 1 2 3 4 

HV2 374 ± 10 366 ± 7 366 ± 12 388 ± 14 

The microstructure of the forgings was observed on their cross-sections, whereby the cutting of the specimens 
was made in such way, that the cross-sections coincided with the planes of sample symmetry. Preparation of 
the cross-sections and their observations were carried out in the same way as for the compacts. Figure 4 
shows the location of the cross-sections where investigations and microstructure observations were made.  

 

Figure 4 The microstructures of the forged part obtained by forging of compact. Cross-sections after etching 

The forging microstructure (Figure 4) consisted of α-phase plates in β phase matrix. The size of the observed 
plates varied, but those differences were small. The strongest refinement of the microstructure was observed 
in the forging-flash transition zone (Figure 4C), what corresponds to the high values of equivalent strain shown 
in this area by the FEM modeling. Regardless of the test area, the plates visible on the cross-sections were 
significantly smaller (thinner and shorter) than that observed in the case of the compacts (see Figure 1 and 
Figure 4). This applies, in particular, to α phase plates that have precipitated at the grain boundaries. No pores 
were observed on the observed cross-sections. No other forging defects were also observed, including areas 
adjacent to the outer surface of the forging. 

3. SUMMARY 

It has been found that the applied method of forming compacts leads to obtaining high density semi-product, 
that can be used to further processing, what was confirmed by microstructural observations and CT tests. FEM 
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modeling of the open die forging of structural part of chosen geometry enabled determining the geometry of 
charge for forging and a method of its location in forging die cavity and allowed to indicate potentially favorable 
conditions for this process. The correctness of modeling results has been verified on the basis of industrial 
tests. In the result of the forging trials performed on screw presses in industrial conditions, forgings of desired 
geometry have been obtained. Metallographic tests of forgings have confirmed the correctness of the assumed 
forging parameters. The observed microstructure consisted of plates whose size only slightly depended on the 
cross-section of the forging area. The plates observed in the microstructure of forgings were much thinner and 
finer than those observed in the microstructure of the compacts. No pores or other internal defects were 
observed. The HV2 hardness of the forging was higher than that of the charge material and reached similar 
values in different forging areas, which is advantageous in terms of the forged part quality. The proposed 
technology of processing Ti6Al4V alloy powder compacts can lead to obtaining free from defects final product 
of desired geometry. It has been shown that the correct development of thermomechanical forging conditions 
and their control during the realization of the forming process gives the possibility of modifying the 
microstructure and, consequently, obtaining a product with the required properties.  
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Abstract  

Direct Metal Laser Sintering (DMLS), one of Additive Manufacturing technologies, produces layer-by-layer 
geometrically complex components from metal powders, such as nickel alloys, titanium alloys, aluminum 
alloys, etc. using a high power concentrated laser beam. The material structure created by this technology is 
influenced by process parameters and build orientation. The process is characterized by localized high heat 
inputs during very short interaction times leading to the formation of very fine structures but also to the 
generation of internal stresses. Therefore, the DMLS parts are heat treated to decrease or completely remove 
residual stresses. The DMLS manufacturing process examined here was characterized by a 400 W laser 
power and 60 µm layer thickness applied to a fine Ti6Al4V powder. Plane bending fatigue testing was 
performed on three sets of special miniature specimens prepared according to three different build orientations. 
A cyclic bending stress was applied to the smooth flat surface of the specimens. The surface was tested in the 
as-built state and in the polished state to reduce roughness of the as-built surface. The fatigue behavior of 
DMLS Ti6Al4V was found to be influenced by the build orientation. Fatigue specimens with polished surfaces 
showed better fatigue properties compared to the as-built specimens. 

Keywords: Ti6Al4V, DMLS, fatigue, microstructure 

1. INTRODUCTION 

Additive Manufacturing (AM) is an innovative process allowing the production directly from a CAD model of 
near-net shape parts that otherwise are impossible to produce by conventional procedures. AM is a primary 
manufacturing technology when the shape of the part is complex and conventional post machining is limited 
to only few functional details, such as threads or high-finish areas. Therefore, AM is used in many different 
sectors, such as medical, aerospace, automotive, prototyping and others. The number of applications of this 
technology is steadily growing as the AM capabilities are increasingly accepted [1, 2, 3]. 

Direct Metal Laser Sintering (DMLS) is a common Powder-Bed-Fusion (PBF) process for fabricating parts from 
metal powders, such as aluminum, nickel, steel and titanium. In this process, a metal base plate is used for 
supporting the parts during the layer-by-layer building process, where a thin layer of metal powder is repeatedly 
spread and selectively melted by a laser beam. The scanning area of the laser at each layer is obtained from 
the CAD file of the part. After each laser scanning phase, the base plate is lowered in the Z-direction of one-
layer thickness to allow recoating. This coating/melting process repeats itself until the part is completed  
[4, 5, 6]. 

The study deals with analysis of the specimens prepared by DMLS. This technology involves a lot of variables, 
such as laser power, layer thickness, scanning strategy and more. All these variables have significantly effect 
on the mechanical properties of the specimens. Years of research have optimized these parameters to achieve 
the best properties. Furthermore, the research has focused on post fabrication heat treatments in consideration 
of that internal stresses arise in the solidified material because of high cooling rates [7, 8]. This paper reports 
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the investigation of microstructure, basic mechanical properties and fatigue behavior of specimens after a 
specific stress-relieving heat treatment. 

2. EXPERIMENTS 

Specimens were manufactured using the Ti64 powder (Ti6Al4V alloy) supplied by EOS GmbH. The powder 
particles were spherical with a predominant diameter range from 25 to 45 µm and with a chemical composition 
given in Table 1. 

Table 1 Chemical composition of Ti64 powder (wt.%) 

 Al V O N H Fe C Ti 

Standard value 5.5-6.5 3.5-4.5 < 0.1 < 0.05 < 0.012 < 0.25 < 0.08 bal. 

Actual value 6.29 4.07 0.091 0.005 0.002 0.22 0.005 bal. 

The specimens were manufactured using the DMLS technology on EOS M280 machine. This system uses Yb 
fiber laser unit with a wavelength of 1075 nm, which is able to supply laser power of 200 W or 400 W. EOS 
M280 is equipped with building chamber filled with Ar gas to avoid oxidation of titanium powder. The 
manufacturing process of specimens used 400 W laser power and 60 µm layer thickness. After fabrication, a 
specific heat treatment was used to decrease internal stresses. Parameters of heat treatment cannot be 
specified. 

The microstructure was observed using a light optical microscope Zeiss Axio Observer Z1M on polished and 
etched (10% HF for 10 s) samples that were cut from the fatigue testing specimens. Observation of structure 
was made in order to characterize material anisotropy, which arise by the typical process conditions, (i.e. layer-
by-layer generative principle, short interactions, high temperature gradients and the high localization of this 
manufacturing process). Fracture surfaces were examined in a SEM Tescan VEGA LMU II. Vickers hardness 
tests were performed on polished specimens using HPO 250/AQ machine with a load of 10 N and 10 s of 
loading time. Surface roughness was measured in the longitudinal direction on the flat plane subjected to cyclic 
tensile loading on a Mitutoyo SJ 210 machine. 

 
Figure 1 Denomination of fatigue specimens and their different build orientations 

Fatigue testing was performed at room temperature on a Schenk-type plane bending fatigue testing machine. 
A loading cycle was sinusoidal with a frequency f = 15 Hz and loading cycle asymmetry was R = 0. Special 
miniature specimens 5 x 5 ± 0.2 mm in minimum cross-section and 22 ± 0.2 mm in length as shown in Figure 1, 
were used for fatigue testing [9]. The aim of the specimen design was the minimization of material required for 
manufacturing and the generation of three specimen orientations in the as-built condition. The flat surface was 
under cyclic loading. The round notch was created to control crack initiation in the middle region of specimens. 
To investigate the role of surface roughness, some specimens were tested in an as-built condition and others 
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in a manually ground condition. The manual dry grinding process was performed using two SiC abrasive 
papers: initially a rough (grit size 500) paper and then a fine (grit size 1000) paper.  

3. RESULTS AND DISCUSSION 

Tensile tests were carried out on specimens fabricated in horizontal orientations (C orientation in Figure 1). 
The corresponding tensile test results are shown in Table 2. The tensile properties (ultimate tensile strength, 
yield strength) are comparable to the standard Ti64 cast and annealed material [10]. However, the specimens 
built by DMLS process have reached higher value of elongation. 

Table 2 Mechanical properties 

Material Rm (MPa) Rp0.2 (MPa) A (%) E (GPa) 

Ti64 DMLS - as-built + HT 954 840 18 118.145 

Ti64 - cast + annealed 930 885 13  

Surface roughness. Average values of surface roughness under the loading are shown in Table 3. From the 
measured values is visible that the values of the roughness depend on the building orientation of the 
specimens. The ground specimens A and C showed the same roughness value and lower than in as-built 
state.  

Table 3 Surface roughness of the plane under the loading (see Figure 1) 

Roughness Direction A Direction B Direction C After grinding A and C 

Ra (µm) 3.3 13.1 13.4 0.18 

Rz (µm) 20.1 88.8 80.6 1.44 

Hardness of specimens was in all cases similar and the average value of hardness was 350 HV10. 

Microstructural analysis of specimens after heat treatment (Figure 2) showed a two-phase structure formed 
by the α+β phases. The analysis was performed on three perpendicular planes due to the formation of the 
texture in this manufacturing process. Differences were observed between the lateral planes and the 
perpendicular plane to the build direction. Lateral planes (Figures 2a, b) show texture characterized by prior 
columnar grains of β-phase. These columnar grains have a length of several building layers and they were 
oriented parallel to the build direction. The perpendicular plane (Figure 2c) showed the cross-sections of these 
primary β columnar grains that appear as regular polyhedral grains. The size of these grains corresponded to 
the width of the columnar grains. 

  
a) lateral X-Z plane b) lateral Y-Z plane 
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c) orthogonal X-Y plane d) microstructure detail, X-Y plane 

Figure 2 Microstructure of stress relieved Ti6Al4V specimen prepared by DMLS 

The β columnar grains were filled with lamellas of α+β phases, which were locally arranged in the 
Widmanstätten form. The thickness of the α+β lamellas was different and depended on the orientation of the 
lamellas to the metallographic section. Locally, a small amount of the coarsening α-phase grains was 
observed. Defects in the form of relatively large microshrinkages were only locally observed. 

Fatigue tests results are shown in the form of S-N curves (Figure 3). All three specimens’ orientations (A, B, 
C) were tested in as-built and heat treated state. Only orientations A and C of the ground specimens were 
tested as the specimens A and B in as-built state showed very similar fatigue behavior and grinding are not 
expected to introduce an influence.  

 

Figure 3 S-N curves of DMLS Ti6Al4V specimens in as-built and ground states 

As shown by the microstructures (Figure 2) all specimens were identical. The orientation of material texture 
to the loading, which depends on building orientation, has a similar influence on the fatigue behavior in as-built 
state and ground state. The S-N curves in Figure 3 show also the significant effect of specimen building 
orientation on the fatigue life. For specimens in as-built state with A and B orientations, S-N curves showed 
similar fatigue properties. They achieve longer fatigue lives in comparison to the specimens with C orientation. 
The ground specimens also showed influence of the building orientation on the fatigue life, but the differences 
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between specimens A and C in ground state are not as significant as in the case of the specimens in the as-
built state. According these results the influence of the building orientation on fatigue life is present for both 
surface states.  

Differences in fatigue behavior between as-built and ground state were related to the roughness of the planes 
under loading. From the comparison of as-built and ground specimens, the fatigue life is longer for the 
specimens with a ground surface. The positive effect of grinding is more significant for the specimens with 
building orientation C. The fatigue life of ground specimens with this orientation increased and reached a level 
of as-built specimens with orientation A and B as it is shown in Figure 3. 

The present fatigue results for the Ti64 alloy show differences when we compare to the fatigue data published 
in the paper [11] where the same material powder and DMLS process parameters were used but a different 
post fabrication heat treatment was performed on the specimens. The influence of build orientation tested in 
[11] did not exhibit the similar effect. The fatigue data of [11] showed a small scatter in dependence of specimen 
orientation. The different parameters of stress relieving heat treatment resulted in different microstructures: 
fine α-phase needles in the β matrix in [11] and lamellar α+β microstructure here.  

Fractography analysis. Fracture surfaces of selected fatigue specimens are shown in Figure 4. In general, 
the process of fatigue fracture is characterized by the crack initiation (Figure 4b), crack propagation 
(Figure 4c) and final fracture (Figure 4d). In the present tests, fatigue crack initiation has always started on 
the surface of the specimen due to the bending loading and also due to the surface condition associated with 
the manufacturing process. Differences were seen in specimens loaded at low and at high stress levels. 
Specimens subjected to low cyclic stress showed one initiating place, while specimens loaded at high stresses 
exhibited multiple initiations. In the case of as-built specimens, the crack initiated from the corner of the 
specimens (stress concentrator) or from non-melted particles. For ground specimens, the crack initiation 
started always from corner of the specimens. The area of crack propagation (Figure 4c) was similar for all 
specimens and characterized by a transcrystalline fatigue fracture. The typical sign of fatigue fracture 
(striations) were observed on fatigue fracture areas. The final rupture was characterized by the transcrystalline 
ductile fracture with dimple morphology (Figure 4d). 

a) macro view b) crack initation place c) fatigue region d) final fracture 

Figure 4 Fatigue fracture surface characterization, SEM 

4. CONCLUSIONS 

 The microstructure of Ti6Al4V prepared by DMLS and post fabrication heat treated showed α+β lamellar 
microstructure. 

 The effect of build orientation on fatigue behavior was found to be significant for as-built specimens and 
also for ground specimens. 
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 Grinding decreases the influence of build orientation on the fatigue behavior and increase the fatigue 
life compared to the as-built condition. 

 In the case of as-built specimens the crack initiation started from the corner of the specimens or from 
the non-melted particles. For ground specimens crack initiations were always at specimen corners. 

 The mechanism of fatigue crack propagation was similar for all specimens and characterized by a 
transcrystalline fatigue fracture with striations. 

 The final fracture was characterized by the transcrystalline ductile micromechanism with dimple 
morphology. 
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Abstract 

One of the most common titanium alloys for aerospace industry is Ti6Al4V (usually designed as Ti64) which 
is used for manufacturing aero-engine components, such as fan discs, compressor discs, blades and stators. 
The maximum service temperature for this alloy is limited partly because of degradation of mechanical 
properties at elevated temperatures (above 480 °C). During the first stage of oxidation the oxide scale is 
protective, whereas after prolonged oxidation time it loses its protective nature and favours higher diffusion of 
oxygen through the oxide. In the present study, cyclic thermal treatments were performed in air at 500 and 
700 °C, up to 500 hours, and compared with similar studies carried out on isothermal oxidation conditions. The 
evolution of the surface oxidation was analyzed by metallographic techniques and X-ray diffraction, together 
with a detailed advanced characterization of the microstructure by Scanning Electron Microscopy and Focus 
Ions Beam. The results point out that the cyclic thermal treatments induced a strong increase of the weight 
gain compared to isothermal treatments. The analysis of the oxide scale revealed not only the presence of 
rutile, at 700 °C, but also anatase and TiOx at 500 °C for both isothermal and cyclic thermal treatments. At 
700 °C, thermal stress caused by cyclic thermal treatments promoted the fracture of the oxide after the first 20 
hours. 

Keywords: Titanium, oxidation, isothermal treatments, cyclic thermal treatments 

1. INTRODUCTION 

Ti64 is one of the most popular and most used titanium alloy. Its production comprises over 50 % of the total 
production of titanium alloys worldwide [1]. Ti64 has an excellent combination of properties, such as specific 
strength and corrosion resistance, and therefore it finds broad application in different engineering fields; 
namely aerospace, automotive, marine and biomedicine [2, 3]. In aerospace applications, Ti64 is mainly used 
for manufacturing aero-engine components, such as fan discs, compressor discs, blades and stators, where 
the maximum service temperature does not exceed 300-350 °C [4, 5].The maximum service temperature 
limitation is closely related to pronounced oxidation when titanium alloys are exposed at elevated temperature 
in oxygen containing environments. Oxidation proceeds as two simultaneous reactions which involve: 1) 
formation of a thin (5-10 nm) n-type oxide scale (TiO2) on the surface, and 2) inward diffusion of oxygen into 
the bulk metal [1, 6]. During the first stage of oxidation the oxide scale is protective, whereas after prolonged 
oxidation time it loses its protective nature and favours higher diffusion of oxygen [1, 7]. Additionally, it is known 
that oxygen has high solid solubility in α-titanium (about 14.5 wt.%) [8]. Therefore, exposure of Ti64 to 
temperatures above 480 °C in an oxygen containing environment results in simultaneous formation of an oxide 
scale, which consists of a multilayered structure of TiO2 and Al2O3 [9], and an oxygen enriched layer beneath 
this scale. The oxygen enriched layer is commonly referred to as alpha-case. The name alpha-case originates 
from the fact that oxygen is a strong α-stabilizing element and its elevated content in titanium and its alloys 
promotes increase of the β-transus temperature and triggers phase transformation of the retained β-phase to 
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α-phase. Thus, this result in increase of the α/β phase ratio in two phase titanium alloys [10]. In addition, it also 
increases the strength of titanium via solid solution hardening [11]. 

Most of the results that can be found in the literature were achieved by isothermal treatments. Thus, the main 
goal of the present work is to compare the oxidation behavior of Ti64 alloy under isothermal and cyclic thermal 
treatments within the same range of temperatures and time of exposure. 

2. EXPERIMENTAL PROCEDURE 

The studied material was a Ti6Al4V alloy obtained in plate form according to AMS 4911L [12]. The chemical 
composition of the as-received material in wt. % is given in Table 1. 

Table 1 Chemical composition of the as-received Ti6Al4V (wt.%) 

Element Al V Fe O C N H Y Ti 

Concentration  6.75 4.50 0.30 0.20 0.08 0.05 0.015 0.005 Balance 

Figure 1 shows the microstructure of the Ti64 alloy in as-received condition. The material presents equiaxed 
microstructure consisting of primary alpha grains and elongated alpha needles in transformed beta matrix. The 
volume fraction of -Ti phase is 93-94 %, and accordingly the proportion of -Ti phase is 6-7 %. -Ti phase is 
dispersed between the primary alpha grains and the grain boundary triple points. 

 

Figure 1 Microstructure of the studied Ti64 alloy [1] 

The as-received material was cut by diamond disc in samples with dimensions 1.0 x 1.0 x 0.5 cm. All surfaces 
of the samples were polished with SiC grinding paper up to 2500 grid size in order to remove the recast layer. 
Thereafter, the polished samples were cleaned in acetone for 15 min in an ultrasonic bath, rinsed with ethanol 
and dried in air. The cleaned samples were then placed into Al2O3 crucibles and subjected to the thermal 
treatments. All samples were weighted using a microbalance with an accuracy of ±0.0001g before and after 
each heat treatment. The temperature inside the furnace was calibrated and controlled using thermocouples 
positioned at the locations inside the furnace where the samples were placed. The standard deviation of the 
temperature inside the furnace was ± 5 °C. Thermal treatments were carried out in air and at atmospheric 
pressure.  

For isothermal treatments eight samples were inserted in the furnace for each studied temperature, i.e. 500 
and 700 °C and cooled in air down to room temperature after 5, 10, 50, 100, 200, 300, 400 and 500 hours of 
exposure. 
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Regarding cyclic thermal treatments, one cycle is defined as 1 h at high temperature and 15 min at room 
temperature (Figure 2). The studied number of cycles was 5, 10, 50, 100, 200, 300, 400 and 500. 

 
Figure 2 Schematic representation of cyclic thermal treatments 

The observation of the surface after heat treatments was performed by means of Field Emission Scanning 
Electron Microscopy (FESEM). A detailed characterization of the subsurface was achieved by a dual beam 
Focused Ion Beam/FESEM (FIB/FESEM). A thin platinum layer was deposited on the sample prior to FIB 
machining in order to minimize ion-beam damage. A Ga+ ion source was used to mill the surface at a voltage 
of 30 kV. The final polishing of the cross-sections was made at 500 pA. The analysis of the oxide scale was 
carried out by X-Ray diffraction (XRD) and Energy-Dispersive X-ray Spectroscopy (EDS). 

3. RESULTS AND DISCUSSION 

Figures 3a and 3b compare the amount of weight gain per surface area for samples subjected to isothermal 
and cyclic thermal treatments at 500 and 700 °C, respectively. The different scale of both Figures must be 
remarked, because at 500 °C the maximum weight gain per area is less than 0.5 mg/cm2, whereas at 700 °C 
it reaches almost 80 mg/cm2. As it can be observed, for both temperatures cyclic treatments lead to a higher 
increase of weight gain than isothermal ones. Differences between heat treatment conditions are more marked 
for samples subjected to 700 °C, where after 500 h / 500 cycles, the weight gain becomes one order of 
magnitude higher for cyclic thermal treatments. 

 
Figure 3 Weight gain per surface area as a function of time for isothermal t (hours) and cyclic heat 

treatments (number of cycles) at: a) 500 °C; b) 700 °C 
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It is known that an increase in weight after oxidation in titanium alloys is due to the simultaneous formation of 
oxide scale and diffusion of oxygen into the bulk [13]. In order to identify the phases present in the oxide, XRD 
was carried out on the top of the scales (i.e. plane view). There are important differences between XRD 
patterns obtained at 500 and 700 °C for both isothermal and cyclic thermal treatments. At 500 °C,it was 
possible to identify picks of rutile, anatase, TiOx, -Ti and -Ti after 500 cycles (Figure 4a). Anatase and rutile 
are tetragonal, and both have crystal structures consisting of TiO6 octahedron, sharing four edges in anatase 
and two in rutile [14]. The presence of  and -Ti phases is due to penetration of X-ray through the oxide scale 
(< 5 m) into the alloy substrate. At 700 °C, mainly rutile was present after 500 hours of exposure (Figure 4b). 
Rutile has tetragonal crystal structure with an n-type oxide exhibiting significant non-stoichiometry TiO2-x, 
where x could vary up to ~0.008 depending on temperature and oxygen partial pressure. For Ti oxidation at 
temperatures below 1000 °C and at near-atmospheric pressures, only TiO2 rutile type has been detected in 
oxide scales [15]. 

 
Figure 4 XRD patterns of the oxide scales for samples submitted to cyclic thermal treatments:  

a) 500 °C; b) 700 °C 

 

Figure 5 FIB trench on the top of the oxide scale after cyclic thermal treatment at 500 °C for:  
a) 5 cycles and c) 500 cycles; b) and d) higher magnification micrographs achieved in the marked zone 

of images a) and c), respectively  
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The oxidation at 500 °C resulted in very thin (<1 m), dense, adherent and uniform oxide scales for both 
thermal treatments (Figure 5). At 700 °C, the behavior of the studied titanium alloy was completely different: 
for isothermal condition specimens oxidized until 100 hours show dense, well adherent and uniform scales, 
whereas these scales became porous for longer times [16]. For cyclic treatments, spallation was more severe. 
The oxide scale spalled off from the metal substrate as thin and brittle flakes after 25 cycles. As it can be seen 
in Figure 6, Back-Scatter Electrons (BSE) allows identifying differences in chemical composition on the surface 
of samples subjected at 700 °C after 500 cycles. The local semi-quantitative percentages of each element at 
points 1, 2 and 3 of Figure 6 were determined by EDS analysis Table 2). In this sense, at the top of the oxide 
scales (points 2 and 3) the amount of oxygen was higher, together with aluminum and slightly increases of iron 
compare to the lower level (point 1), where the oxide scale had partially spalled off. These results are in 
agreement with previous studies [9] which have demonstrated that a compact Al2O3 layer is always formed on 
top of the TiO2 during air oxidation of Ti64 at elevated temperatures. The main role of this dense Al2O3 layer 
is to inhibit oxygen diffusion to the alloy substrate. However, as pointed out by the authors in a previous work 
[16], although Al2O3 was present in oxide scales, it did not completely inhibit the oxygen diffusion into the 
substrate. Regarding Fe, it is classified as a neutral element that does not significantly affect the oxidation 
resistance of Ti-Al alloys [17]. However, Shannon et al. [18] has proved that since the effective ionic radii of 
six coordinated Fe3+ (78 pm) and Fe2+ (64 pm) are slightly lower than the six coordinated Ti2+ (86 pm) and 
similar to Ti3+ (67 pm) and Ti4+ (61 pm), Fe ions are preferably located in the substitutional sites of the rutile 
TiO2 matrix. Thus, it is considered that the doping of the rutile structure would result in lowering the oxygen 
diffusion through the oxide structure. 

 
Figure 6 Topography of the surface for a sample subjected to 500 cycles at 700 °C obtained by back-

scattered electrons in a FESEM 
 

Table 2 Normalized chemical composition of the oxide scales achieved by EDS for positions 1, 2 and 3  
    of Figure 6 in at.% formed after 500 cycles at 700 °C 

 O Al Ti V Fe 

Po
si

tio
n 1 26.73 3.60 66.40 2.63 0.62 

2 43.37 10.50 42.43 2.44 1.16 

3 43.67 5.85 47.93 2.54 0.80 
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4. CONCLUSIONS 

In this work, the oxidation behaviors of Ti6Al4V alloy exposed to isothermal and cyclic thermal treatments at 
500 and 700 °C were compared. The main conclusions can be summarized as follows: 

 Cyclic thermal treatments induced a clearly higher increase of weight gain per area compared to 
isothermal treatments, being more pronounced at 700 °C. 

 Isothermal and cyclic thermal treatments performed at 500 °C led to the formation of rutile, anatase, 
TiOx, α-Ti and β-Ti while at 700 °C, rutile was the main crystal structure identified by XRD. 

 A thin (<1 µm), dense, adherent and uniform oxide was formed at 500 °C for both thermal treatments.  
 At 700 °C, spallation of the oxide scales was observed after 200 h for isothermal treatments, whereas 

for cyclic thermal treatments it started after only 25 cycles. 
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Abstract 

The second generation nickel-based superalloy MAR-M247 offers a satisfying combination of fatigue and 
creep properties and oxidation and corrosion resistance that are required for application at elevated 
temperatures in hostile environments. The microstructure consists mainly of the face centred cubic γ matrix 
and ordered γ´ strengthening precipitates (L12 crystal structure). The present work focuses on low cycle fatigue 
(LCF) behaviour of polycrystalline nickel-based superalloy MAR-M247 at high temperature. LCF tests were 
conducted on cylindrical specimens in symmetrical push-pull cycle under strain control with constant total strain 
amplitude and strain rate at 700 °C in ambient air. Cyclic stress-strain curves and fatigue life curves in the 
representation of plastic strain amplitude vs. stress amplitude and stress amplitude vs. the number of cycles 
to failure, respective, were plotted and compared with data obtained on Inconel 713LC. Special attention is 
paid to the investigation of crack initiation in MAR-M247 during low cycle fatigue. Crack initiation sites were 
studied by means of scanning electron microscopy (SEM) in dual beam microscope TESCAN LYRA 3 XMU 
FESEM equipped with focus ion beam (FIB). Specimens’ surface observations revealed the formation of 
pronounced surface relief indicating localisation of plastic deformation. Observations in transmission electron 
microscope (TEM) confirmed localisation of cyclic plastic deformation in persistent slip bands along {111} slip 
planes. Fractographic analysis revealed fatigue crack initiation sites. Fatigue crack propagation in stage I was 
typical of smooth facets up to 500 μm long.  

Keywords: Nickel-based superalloy, cyclic stress-strain curve, fatigue life, fatigue crack initiation, focus ion  
         beam 

1. INTRODUCTION 

MAR-M247 was developed in the early 1970s at Martin Metals Corporation and it belongs to the second 
generation of cast polycrystalline nickel-based superalloys [1]. It offers a satisfying combination of fatigue and 
creep properties and oxidation and corrosion resistance that are required for application at elevated 
temperatures in hostile environments [1-9]. MAR-M247 is used as a key material for integral wheels and turbine 
rotor blades. The complex loading conditions prevailing during service of these components can be simplified 
and tested in laboratories. The high-temperature low cycle fatigue (LCF) tests simulate severe elastic-plastic 
deformations during the start-ups and shut-downs periods. The LCF tests are designed to cause failure after 
a relatively small number of cycles that can be divided into the number of cycles to fatigue crack initiation Ni 
and the number of cycles to fatigue crack propagation Np [10]. The initiation of fatigue crack is generally 
connected with the surface. During cyclic loading, the internal dislocation structure changes and narrow 
persistent slip bands (PSBs) along preferential slip traces are formed [11]. A pronounced surface relief 
consisting of extrusions and intrusions is build up at the intersection of the PSB with the free surface [12, 13]. 
Surface relief has been studied since 1903 and there is still no consensus on the mechanisms of fatigue crack 
initiation within surface slip markings[10,14,15]. However, with an increase in temperature other degradation 
mechanisms becomes more effective in the fatigue crack initiation compared with those at the surface slip 
markings [2, 16]. 
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In this article, we report the LCF behaviour of MAR-M247 superalloy fatigued at 700 °C in ambient air. Obtained 
data are compared with data on Inconel 713LC. Cyclic stress-strain curves and fatigue life curves in Basquin 
representation are presented. Special attention is paid to the investigation of fracture surface and surface relief 
in MAR-M247 to identify the fatigue crack initiation sites at elevated temperature. Dislocation arrangements 
observed in transmission electron microscope help to discuss fatigue crack initiation mechanisms. 

2. EXPERIMENTAL DETAILS 

2.1. Material 

The polycrystalline superalloy MAR-M247 was supplied by PBS Velká Bíteš, a.s. Czech Republic in a form of 
net-shape cast rods. The nominal chemical composition of studied melt D54 is as follow: 0.15 C, 8.37 Cr, 9.91 
Co, 9.92 W, 0.67 Mo, 5.42 Al, 1.01 Ti, 3.05 Ta, 0.04 Fe, 0.015 B and 1.5 Hf, the rest is Ni (all in wt. %). Rods 
were hot isostatically pressed (1200 °C / 100 MPa / 4 h) in order to heal casting defects and thus prolong 
fatigue life [17]. Two steps heat treatment consisting of solid solution annealing at 1200 °C for 2h and 
subsequent precipitation hardening at 870 °C for 24 h was applied with the aim to get optimal microstructure. 
The superalloy MAR-M247 is characterised by coarse dendritic grains. The average grain size was 2.3 mm ± 
0.4 mm. The microstructure consists of γ matrix channels, γ´ strengthening phase in the form of coarse 
complex-shaped precipitates, fine cubic-shaped precipitates, rounded precipitates and γ/γ´ eutectics. Carbide 
particles were randomly distributed both at grain boundaries and in interdendritic areas inside grains. The 
representative image of the microstructure of MAR-M247 is given in Figure 1. More details on the 
microstructure of MAR-M247 can be found elsewhere [2, 3, 18]. 

 

Figure 1 Microstructure of MAR-M247 showing the tri-modal morphology of γ´ strengthening precipitates 

2.2. Fatigue tests 

LCF tests were performed on button-end cylindrical specimens with diameter, gauge length and gauge length 
roughness of 6 mm, 15 mm and 0.4 μm, respectively. They were carried out in a computer controlled 
electrohydraulic testing machine MTS 810 under strain control mode in a fully reversed pull-push cycle (Rε = -
1) at 900°C in air. The strain rate (2x10-3 s-1) and total strain amplitude were kept constant. The plastic strain 
amplitude εap derived from the half of the hysteresis loop width at the mean stress σm and stress amplitude σa 
both at half-life were evaluated with a special program using recorded hysteresis loops. The number of cycles 
to failure Nf was defined as the number of elapsed cycles when the criterion σm/σa≤ -0.3 was met, or at the 
time of fracture before the criterion was reached. The heating was provided by the three-zone resistance 
furnace. The temperature was controlled by three thermocouples and one thermocouple was used to monitor 
the temperature. A temperature gradient within gauge length was ± 1°C. 
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2.3. Observations 

The electrolytically polished gauge lengths and fracture surfaces of fatigued specimens representing the whole 
range of fatigue life were observed using a fully PC controlled dual beam SEM with Schottky field emission 
cathode TESCAN LYRA 3 XMU. SEM was equipped with focus ion beam (FIB) that was used to investigate 
details of fatigue crack initiation. Thin foils were observed in transmission electron microscope Philips CM12 
STEM with a special focus on dislocation arrangement. 

3. RESULTS AND DISCUSSION 

3.1. Fatigue tests 

Experimental data on cyclic stress-strain response and fatigue life obtained from LCF test are plotted in 
Figure 2 and compared to data of Inconel 713LC [19]. Nominal composition of alloy 713LC is in Table 1. 

Table 1 Nominal chemical composition of the alloy Inconel 713LC by TMS (wt.%)  

Alloy Ni Cr Mo Al Ti Zr Nb C B 

Inconel 715LC bal. 12 4.3 5.8 0.7 0.06 2 0.06 0.007 

The representation of the stress amplitude vs. the plastic strain amplitude at half-life for both materials is shown 
in Figure 2a and yields the cyclic stress-strain curves (CSSCs). The stress-strain response of both materials 
is similar at low amplitudes and differs at high amplitudes. The shift to higher stress amplitudes can be 
explained by the higher strength of MAR-M247. On the other hand, the increase in plasticity of MAR-M247 in 
high total strain amplitude domain is considerably lower according to Inconel 713LC. Experimental data were 
fitted by the power law: 

          (1) 

The parameters were evaluated using regression analysis and fatigue hardening coefficient K´ is equal to 3200 
(2090) and fatigue hardening exponent n´ is 0.175 (0.137) for MAR-M247 (Inconel 713LC) superalloy. 

 
Figure 2 (a) Cyclic stress-strain curves; (b) Basquin fatigue life curves of MAR-M247 and Inconel 713LC 

Fatigue life curves in the representation of the stress amplitude σa at half-life vs. the number of cycles to failure 
Nf are shown in Figure 2b. Experimental data were fitted by the Basquin law: 
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Fatigue strength coefficient σ’f and fatigue strength exponent b were evaluated using regression analysis and 
for MAR-M247 (Inconel 713LC) superalloy are equal to 1810 MPa (1570 MPa) and -0.131 (-0.131), 
respectively. Figure 2b shows a slight increase in the fatigue life of MAR-M247 in the whole range of strain 
amplitudes. The increase can be attributed to the different chemical composition of MAR-M247 and Inconel 
713LC [3]. According to Inconel 713LC, MAR-M247 contains W and Co that improve solid solution 
strengthening and an addition of Ta and Hf stabilise γ´ precipitates against high-temperature degradation of 
MAR-M247 [3, 9]. 

3.2. Surface relief 

After high-temperature LCF tests, surface relief was hindered by thin oxide scale. However, detailed inspection 
brought to light fatigue crack initiation sites mainly at oxidised carbides and grain boundaries (not shown here). 
This is in a good agreement with other studies that have been performed on MAR-M247 at different 
temperatures [2, 3]. Surface topography of a specimen fatigued to failure with total strain amplitude εa = 0.23 
% at 700 °C is shown in Figure 3. Pronounced surface relief of long and narrow surface slip markings going 
at the angle of 45° to the loading axis is present in Figure 3a. Slip markings witness the cyclic plastic strain 
localisation in individual grains of MAR-M247. In order to find evidence of fatigue crack initiation from slip 
markings, several FIB cuts have been made. Figure 3b illustrates FIB cut across slip markings and shows a 
deformed underlying structure and thin microcracks originated from slip markings as indicated in detail in left 
upper corner. 

                 

Figure 3 (a) Surface relief of MAR-M247; (b) FIB cut across slip markings 

3.3. Dislocation structure 

An example of inhomogeneous dislocation arrangement in a specimen cycled to failure (εa = 0.46 %) is shown 
in Figure 4. The grain orientation is denoted within the embedded standard stereographic triangle. 

Planar slip bands parallel to the primary slip planes  were observed topass through both γ´ precipitates 

and γ matrix channels. The Schmid factor of the primary slip system  is equal to 0.486. The Schmid 

factor of secondary slip system  is very close and is equal to 0.463. The slip bands were present 
as thin slabs of high dislocation density (Figure 4b). The thickness and spacing of dislocation rich bands 
correspond to the thickness and spacing of individual surface slip markings on the surface (Figure 3). 
Therefore, it can be concluded that the cyclic plastic strain is localised into persistent slip bands at 700 °C. 
These observations are in good agreement with studies on nickel-based superalloys at elevated temperatures 
[19-22]. 
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3.4. Fracture surface 

Figure 5a illustrates fracture surface of specimen fatigued with total strain amplitude εa = 0.46%. The fatigue 
crack initiated at the surface and fatigue crack propagation in the stage I was observed with typically smooth 
facets up to 500 μm long as a consequence of localisation of cyclic plastic strain. This corresponds well with 
the dislocation arrangement and surface relief formation shown in the previous sections. The stage I of fatigue 
crack propagation in stress control fatigue conditions in MAR-M247 superalloys has been reported earlier [4, 
5, 23]. Typical low stacking fault energy of nickel-based superalloys support the planar nature of cyclic slip and 
consequently, fatigue cracks propagate along active slip planes. Such damage mechanism is dominant at 
temperatures below 800 °C and disappears with an increase in temperature [2, 4]. Figure 5b shows fracture 
surface of a specimen fatigued with εa = 0.23%. The fatigue crack initiates in the vicinity of casting defects. 
Subsequent crack propagation via striation mechanism in the stage II is indicated by black arrows in Figure 5b. 

                 
Figure 4 (a) TEM micrographs of specimen cycled to failure (S.A. is the stress axis) (b) detail of dislocation 

arrangement in persistent slip bands 

                
Figure 5 (a) Fatigue fracture surface with smooth facets (stage I) (b) fatigue crack initiation from casting 

defect and crack propagation in stage II 

4. CONCLUSIONS 

The following conclusions can be drawn from the study of fatigue behaviour and fatigue crack initiation in 
polycrystalline nickel-based superalloy MAR-M247 at 700°C in ambient air: 

1) The stress response of MAR-M247 superalloy is similar to that of Inconel 713LC at low total strain 
amplitudes and becomes higher with the increase in strain amplitude compared to Inconel 713LC. 
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2) Basquin life curves confirmed the expectation of higher fatigue life of MAR-M247 compared to Inconel 
713LC at 700 °C. 

3) Grain boundaries, interdendritic areas, carbide particles and casting defects have been identified as 
important fatigue crack initiation sites at elevated temperature. 

4) Strain localisation in persistent slip bands lying along {111} slip planes results in the formation of 
pronounced surface relief and in fatigue crack initiation at surface slip markings. 

5) Smooth facets of the crystallographic crack growth (stage I) and the stage II non-crystallographic fatigue 
crack propagation through striation mechanism were observed. 
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Abstract  

In this paper were determined the effects of cutting speed, cutting tool and feed rate on cutting forces and 
surface roughness based on Taguchi experimental design. The effects of machining parameters were 
investigated using Taguchi L18 orthogonal array. Three different cutting cemented carbide tools were used in 
experiments as K313, KCU10 and KCU25. Main cutting force Fz was considered to be cutting force as a 
criterion. The experimental design described herein was used to develop a main cutting force and surface 
roughness prediction model using analysis of Taguchi. Optimal cutting conditions were determined using the 
signal-to-noise (SN) ratio which was calculated for average surface roughness and cutting force according to 
the "the smaller is better" approach. Using results of analysis of variance (ANOVA) and SN ratio, effects of 
parameters on both average surface roughness and cutting forces were statistically investigated. In the 
experiments, depending on the tool material, lowest main cutting force 370 N at 75 m/min with KCU 25 and 
lowest average surface roughness (0.424 μm) at 60 m/min with KCU 25 cemented carbide tool was found. It 
was found the effect of feed rate 0.198%) and cutting tool (0.06%) has higher effect on the cutting force and 
the feed rate (18.82%). The cutting speed (17.31%) has shown higher effect on average surface roughness. 
In the cutting force turning tests KCU25 and in the surface roughness turning tests, K313 cutting tool has 
shown better performance than the other cutting tools.  

Keywords: Machinability, Taguchi design, Haynes 188, surface roughness, cutting force 

1. INTRODUCTION 

A superalloy is a metallic alloy which can be used at high temperatures, often in excess of 0.7 of the absolute 
melting temperature. Creep and oxidation resistance are the prime design criteria. Superalloys can be based 
on iron, cobalt or nickel, the latter being best suited for aeroengine applications. Co-based superalloys are 
employed widely in practices because of wear, corrosion, and heat resistance properties. In the structure of 
Co-based superalloys, there are significant amounts of cobalt, nickel, chrome and tungsten. For example, 
Stellite, Haynes 188 and Haynes 25 are the most commonly used Co-based super alloys [1]. Superalloys have 
been developed to obtain the better strength-to-weight ratio and they provide higher heat and corrosion 
resistance compared to conventional alloys. The alloys are extensively used in applications such as turbine 
and furnace parts, aerospace, dental, orthopedic, heat-treating and chemical handling equipment and 
petroleum refining components where low thermal conductivity, wear resistance, heat resistance, corrosion 
resistance and high strength in working conditions under high temperature is required [2]. Haynes 188 
superalloy has many favourable properties, including good strength at high temperatures, excellent ductility, 
fabricability and weldability and good resistance to hostile environments (e.g., corrosion, extreme heat, 
extreme cold, and so on). It is widely used for fabricating the combustor liners in aircraft turbine engines and 
is also used to produce the liquid oxygen posts in the main injectors of the space shuttle engines [3, 4]. In 
such applications, the components are subjected to extremely high temperatures and strain rates. Machining 
process of the superalloy brings two main problems. The first is a short tool life or rapid tool wear due to the 
work hardening and attrition properties of the superalloy. The second is poor surface quality of the machined 
surface due to heat generation and plastic deformation [5]. The simultaneous improvement or optimization of 
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these two criteria is very important for high efficiency in the machining of superalloy. Cutting forces and surface 
roughness are two important issues in the machining of superalloys. In the last decades, different types of 
dynamometers have been used in industry and research laboratories for understanding the principles of chip 
formation [6], for developing cutting force models [7], as well as for cutting process control [8], tool geometry 
optimization [9], tool condition monitoring [10-13] and for detection and suppression of chatter vibrations [14, 
15]. Cutting forces have a direct influence on specific cutting pressure and power consumption, For this reason, 
a commercially available Kistler piezoelectric dynamometer have been used for cutting force monitoring during 
machining [16]. Parameter design experiments identify settings of product design characteristics that minimize 
the estimated expected loss. A performance statistic is a criterion for comparing different settings of product 
and the loss function. Taguchi recommends the use of orthogonal arrays for planning parameter design 
experiments. Parameter design experiments can also be used to identify settings of the process variables that 
minimize the effect of manufacturing variations on the process’s performance [17]. Cutting forces have a direct 
influence on specific cutting pressure and power consumption, For this reason, a commercially available Kistler 
piezoelectric dynamometer have been used for cutting force monitoring during machining [18]. With the 
increasing demand for reduced product tool wear and heat generation. Surface roughness is an important 
characteristic that describes the quality of the machined surface being, in most cases, a technical requirement 
for machined products. In addition, the surface roughness affects several attributes of machined parts like 
friction, wear, and heat transmission [19].  

2. MATERIALS AND METHOD 

2.1. Experiment specimens 

Specimens of Haynes 188, which has an industrial usage, were prepared as the dimension of diameter  
Ø 50 × 400 mm and then used for the experiments. The chemical composition and mechanical properties of 
alloy Haynes 188 are given in Tables 1 and 2. These material is hard to machine which make them suitable 
for high temperature applications. 

Table 1 Chemical composition of Haynes 188 workpiece material (wt.%) [20]  

 Co Ni Cr W Fe C Mn Si P S La B 

Min. 
balance 

20.0 20.0 13.0  0.05  0.20   0.02  

Max. 24.0 24.0 16.0 3.0 0.15 1.25 0.50 0.020 0.015 0.12 0.015 

Table 2 Mechanical properties of Haynes 188 [20] 

Density 8.98 g/cm³ 

Melting range 1315 - 1410 °C 

Yield strength 446 MPa 

Tensile strength 963 MPa 

Elongation 55% 

2.2. Machine tool and measuring instrument of cutting forces 

Machining tests were carried out on JOHNFORD T35 industrial type CNC lathe maximum power of which is 
10 kW and has revolution number between 50 and 3500 rev/min. During dry cutting process, Kistler brand 
9257 B-type three-component piezoelectric dynamometer under tool holder with the appropriate load amplifier 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1589 

was used for measuring three orthogonal cutting forces (Fx, Fy, Fz). This allows direct and continuous 
recording and simultaneous graphical visualization of the three cutting forces. 

2.3. Cutting parameters, cutting tool and tool holder 

The cutting speeds 60, 75 and 90 m/min, depth of cut constant 1 mm and feed rate 0.10-0.15 mm/rev. were 
chosen by taking into consideration ISO 3685 standard as recommended by manufacturing companies. During 
cutting process, the machining tests were conducted with three different cemented carbide tools namely TiAlN 
PVD coating KCU10 and KCU25 and K313 Wo/Co uncovered cutting tool. The test specimens were chosen 
Ø 50 × 400 mm. for turning operations. Surtrasonic 3-P measuring equipment was used for the measurement 
of surface roughness. Measurement processes were carried out with three replications. For surface roughness 
on work-piece during machining, cut-off and sampling length were considered as 0.8 and 2.5 mm, respectively. 
Ambient temperature was 20 ± 1 °C. The following details tool geometry CNGN inserts were mounted on the 
CCKNL 2525 M 12 type tool holder. 

3. RESULTS AND DISCUSSION 

Figure 1 shows mean of SN (signal/noise) response graphs of the cutting forces (a) and surface roughness 
(b) respectively. Level of independent variables is shown in Table 3. In the experiments, obtained results of 
average surface roughness, main cutting force and signal to noise ratios was found according to ‘’smaller is 
better’’. In the experiments, depending on the tool material, lowest main cutting force was found 370 N at 90 
m/min with K313 and in the lowest average surface roughness 0.424 μm at 60 m/min with KCU25 cemented 
carbide tool. According to ANOVA analysis in Table 4, feed rate (0.198%) and cutting tool (0.06%) has higher 
effect on the cutting force. In the Table 5 feed rate (18.82%) and cutting speed (17.31%) has higher effect on 
average surface roughness. In the cutting force turning tests KCU 25 and in the surface roughness tests, K313 
cutting tool has shown better performance than the other cutting tools.  

   
(a)                                                             (b) 

Figure 1 Mean of SN (signal/noise) response graphs of the (a) cutting forces, (b) surfage roughness 

According to Table 6, results of confirmation tests for cutting force were found as better parameters 0.15 
mm/rev. feed rate, KCU25 cutting tool and 75 m/min, cutting speed. According to Table 7, for the surface 
roughness as better parameters was found as 0.1 mm/rev. feed rate, K313 cutting tool with 60 m/min cutting 
speed for turning Haynes 188. 
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Table 3 Level of independent variables  

Variables Level of variables 

Feed rate (mm/rev.) 0.100 0.150  

Cutting speed (m/min) 60 75 90 

Cutting tool KCU10 K313 KCU25 

Table 4 Analysis of variance for SN (signal to noise) ratios of cutting force 

Source Degrees of 
freedom 

Sequential sum 
of squares  

Mean sum of 
squares F-test 

P-coefficient 

(%) 

Distribution 

(%) 

Feed rate 1 19.20 19.18 0.00 0.962 0.198 

Cutting speed 2 547.6 273.80 0.03 0.966 0.05 

Cutting tool 2 623.2 311.59 0.04 0.962 0.06 

Residual error 12 95518.5 7959.88   98.76 

Total 17 96708.5     

Table 5 Analysis of variance for SN (signal to noise) ratios of surface roughness 

Source Degrees of 
freedom 

Sequential sum 
of squares  

Mean sum of 
squares F-test 

P-coefficient 

(%) 

Distribution 

(%) 

Feed rate 1 42.354 42.354 3.63 0.081 18.82 

Cutting speed 2 38.904 19.452 1.67 0.229 17.31 

Cutting tool 2 0.3675 0.1838 0.16 0.856 1.60 

Residual error 12 139.824 11.652   62.21 

Total 17 224.757     

Table 6 Results of confirmation tests for cutting force Fz  

Cutting force Fz (N) 

  Optimal cutting parameters 

 Starting cutting 
parameters Prediction Experimental 

Parameters 0.10-90-K313 0.15-75-KCU25 0.15-75-KCU25 

Cutting force (N) 573.05 371.14 375.2 

SN ratio (dB) -55.1639 -51.3908 -51.485 

Improvement of SN ratio 3.6789   

Prediction error (dB) 3.7731   
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Table 7 Results of confirmation tests for surface roughness Ra 

Surface roughness Ra (µm) 

  Optimal cutting parameters 

 Starting cutting 
parameters Prediction Experimental 

Parameters 0.10-90-KCU25 0.10-60-K313 0.10-60-K313 

Surface roughness (µm) 0.879 1.819 1.832 

SN ratio (dB) 1.12352 -5.19825 -5.2585 

Improvement of SN ratio 6.4937   

Prediction error (dB) 6.3217   

4. CONCLUSIONS  

The experimental design described herein was used to develop a main cutting force and surface roughness 
prediction model roughness using analysis of Taguchi for turning Haynes 188.  

Results of this experimental study can be summarized as follows: 

 According to experimental results of confirmation tests for cutting force Fz, was found as better 
parameters 0.15 mm/rev. with KCU25 cutting tool and cutting speed 75 m/min. 

 For the surface roughness Ra, was found as better parameters 0.10 mm/rev. K313 cutting tool and 60 
m/min for turning Haynes 188 with cemented carbide tools. 

 While feed rate 0.198 % and cutting tool 0.06 % had higher effect on the cutting force, the feed rate 
18.82 % and cutting speed 17.31% had shown higher effect on average surface roughness. In the 
cutting force KCU 25 and in the surface roughness turning tests, K313 cutting tool had shown better 
performance than the other cutting tools. 

 In the experiments, depending on the tool material, lowest main cutting force 370 N at 75 m/min with 
KCU25 cutting tool and lowest average surface roughness 0.424 μm at 60 m/min with KCU25 cemented 
carbide tool was found.  

 Taguchi orthogonal array arrangement - it has seen appropriate to analyzed the cutting force and 
average surface roughness defined in this article. 

 According to turning test results, the depth of cut and feed rate are two main parameters between four 
can be controlled factor (cutting tool, cutting speed, feed rate, and depth of cut) affecting average surface 
roughness and cutting forces. 
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Abstract  

This study evaluates fatigue properties of copper (Cu) alloy Cu7.2Ni21.8Si1Cr produced by selective laser 
melting technology (SLM). This technology belongs to additive manufacturing or 3D printing technologies and 
allows produce metal parts with complicated shapes in short production time and without the need to use 
expensive molds or large material waste. As the SLM technology is still under intensive research, the 
production process is not optimized for wide range of materials (most of studies were focused on titanium or 
aluminum alloys). Low quality of SLM materials is mainly connected with production defects caused by big 
temperature gradients during production. The SLM material is subjected to fatigue bending tests, which are 
supplemented by acoustic emission (AE) measurement and fractography analysis. By AE is possible to 
analyze fatigue behavior in detail and determine different fatigue stages and mechanism of crack propagation. 
After verification experiments, it is also possible to predict the remaining fatigue life. All results are compared 
with fatigue properties of conventionally produced Cu alloy AMPCOLOY® 944 (Cu7Ni2Si1Cr) using standard 
S-N curves. The fatigue life of SLM material is slightly worse than we can observe in conventionally produced 
materials and AE results suggest that there is different mechanism of crack propagation. As expected, the 
fractography study shows there is big amount of production defects (mainly pores) in SLM material and the 
crack origins are located near them. 

Keywords: Fatigue, Cu alloy, selective laser melting, acoustic emission 

1. INTRODUCTION 

Additive manufacturing (AM) or 3D printing technologies became common in wide range of industrial fields in 
last years. The main benefit is possibility to produce complicated shaped parts in comparatively short time, 
which could be used for production of prototypes or special piece production. Selective laser melting (SLM), 
one of the AM technologies, adds a benefits of metal parts production. The technology principle is shown on 
the Figure 1; the part is built in layers which are connected by melting by focused laser beam [1]. 

However, the quality of SLM produced materials is low in comparison with common production. The main 
problems, including low fatigue resistance, are connected with internal production defects such as pores, 
shrinkages or un-melted material [2, 3] and cracks caused by residual stress [4]. Any new SLM material needs 
a lot of intensive studies to find the optimal production parameters and achieve as the best properties as is 
possible. The most important production parameters are laser power [5], laser power density [6], scanning 
speed, hatch distance and laser beam diameter [7]. Also the metal powder quality must be considered [8], the 
main indicators are particle size distribution, amount of small particles, flowability, humidity and amount of 
oxides.  

Testing of SLM copper (Cu) alloys has been described in several works. Zhang et al. [7] described an influence 
of laser energy density on relative density of K220 Cu alloy samples. It was found that increasing of laser 
density also increase samples relative density, until reaching 200 J/mm3. With optimal parameters it was 
achieved 99.9 % of relative density and the samples microstructure was consisted of cellular dendrites.  
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Figure 1 Selective laser melting principle [1] 

Scundio et al. [9] produced samples from Cu10Sn alloy. Fast solidification caused that SLM material had fine-
grained microstructure and the best achieved relative density was 99.7 %. The SLM material had significantly 
better yield and tensile strength (220 and 420 MPa) than compared cast material (120 and 180 MPa).  

This paper follow ups previous studies of the fatigue behaviour of aluminum alloys using acoustic emission 
(AE) [10, 11]. AE is on of the non-destructive methods that allow a continuous monitoring of fatigue process. 
In this study the result from SLM production of Cu alloy Cu7.2Ni1.8Si1Cr are presented. Its chemical 
composition is similar to commercial Cu alloy AMPCOLOY® 944. This material is mainly used for tools 
(moulds) used for manufacture of plastic parts. Possibility of production these tools by SLM technology could 
bring such benefits as are described above. The main aim of presented study is to determine fatigue behaviour 
of this SLM material as the first step before next investigation of practical use. 

2. EXPERIMENTAL PROCEDURE 

2.1. Material 

Testing SLM material is Cu alloy Cu7.2Ni1.8Si1Cr, metal powder is from company Sandvik Osprey. The 
reference material is conventionally produced (extruded) AMPCOLOY® 944 (Cu7Ni2Si1Cr). Chemical 
composition of both materials is shown in Table 1. 

Table 1 Chemical composition (wt.%) of SLM and reference material  

Element Ni Si Cr Others 

AMPCOLOY® 944 7 2 1 0.5 

SLM powder 7.5 1.8 0.94 0.114 

SLM samples were produced by SLM 280HL machine from company SLM Solution GmbH. Production 
parameters were: laser power 400 W, scanning speed 1100 mm/s and hatch distance 90 µm. Achieve relative 
density is 99.5 % (measured on special samples by computer tomography), tensile yield strength 380 MPa, 
tensile strength 545 MPa and hardness 171 HV.  

The microstructure of SLM material is characterize by clearly visible border of layers and a few defects, mainly 
pores and shrinkages, located near of them (Figure 2). 
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Figure 2 Microstructure of SLM material 

2.2. Fatigue testing and acoustic emission measurement 

8 specimens were produced from SLM material and 7 specimens from AMPCOLOY® 644, according the 
drawing on the Figure 3a. The fatigue bending test were conducted by at room temperature, with sinusoidal 
fatigue cycle in stress ratio R = -1. Approximate loading frequency was 52 Hz.  

Acoustic emission (AE) signal was detected by DAKEL-XEDO monitoring systems using two piezoelectric 
DAKEL MIDI sensors with 35 dB preamfilters, see Figure 3b. XEDO system allows 12-bit synchronous 
sampling with sampling frequency 2 MHz and continuous saving data to a computer. The sensors were 
clamped on each end of the specimens by Loctide glue in order to get a two channel linear location system. 

      
a)                                                                   b)  

Figure 3 a) Geometry of fatigue testing specimen (in mm); b) measurement system 

3. RESULTS 

The results from fatigue bending test and AE analysis of both materials were compared. The S-N curves of 
both materials are shown on the Figure 4.  
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Fatigue limit is around 235 MPa for SLM material and 285 MPa for AMPCOLOY® 644 reference material. The 
difference is less significant in lower amplitude (resp. fewer cycles). 

 
Figure 4 S-N curves of SLM and AMPCOLOY® 644 materials 

 
a) 

 
b) 

Figure 5 AE signal and loading frequency: a) AMPCOLOY® 644, stress amplitude - 331 MPa, b) SLM 
material stress amplitude - 316 MPa 

The results from AE measurement of both materials are shown on the Figure 5. Both materials have three 
fatigue stages - pre-initiation (A), initiation (B) and post-initiation (C), red rings marked the main crack initiation. 
The pre-initiation stage (A) at the load beginning is typical with significant AE activity caused by changes in 
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material microstructure, glide and interaction of dislocations and persistent slip band formation. While the pre-
initiation stage of reference material is the longest and takes almost 2/3 from total fatigue lifetime, the same 
stage of SLM material takes only 1/4 from total lifetime. The initiation stage (B) is characterized by low and 
stabile AE activity, the microcracks propagation starts here. The initiation stage of reference material is 
relatively longer than the same stage of SLM material, where this stage is the shortest. In the last stage (post-
initiation - C) the AE again significantly increase and the long cracks propagate here. The stage takes most of 
the SLM material fatigue lifetime, so the crack propagation is much slower then we can observe in reference 
material. These results indicate different mechanism of crack initiation and propagation. The crack in 
AMPCOLOY® 644 material is propagate mainly by changes in the microstructure - interaction of dislocations 
or persistent slip band formation, the crack in SLM material is propagate by connection between production 
defects or production layers boundaries. 

The fractography study supplemented the fatigue and AE measurement, see Figure 6. The study shows that 
crack origin is located in the defect near the specimen surface (red ring on the Figure 6). Rough surface of 
the cavity indicate that it is a shrinkage and as there are some unmelted metal powder grains in the cavity, this 
defect was probably created during the production. Similar defects are observed on the whole fracture surface, 
which confirms the theory of crack propagation by linking defects. 

   

Figure 6 Fractography of SLM material 

4. CONCLUSION 

Study of fatigue behavior of SLM Cu alloy Cu7.2Ni1.8Si1Cr was presented. The results from fatigue test and 
AE measurement were compared with same measurement of conventionally produced (extruded) material 
AMPCOLOY® 644, these measurements were supplemented by fractography study of SLM material. The 
comparison of fatigue test results shows that SLM material has worse fatigue resistance than reference 
material, but the difference is less significant in lower amplitude (resp. fewer cycles).  

The AE measurement analysis showed three fatigue stages in both materials - pre-initiation, initiation and post-
initiation, but the ratio of stages was different. While the longest stage of SLM material was post-initiation, for 
the reference material it was the pre-initiation stage. This observation together with fractographic study 
indicated different mechanism of fatigue crack propagation.  

Future investigation should be focused on deeper analysis of AE signal and the results should by 
complemented by same measurement of SLM Cu alloy after heat treatment. 
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Abstract 

Observed in recent years - trends in the search for novel materials with unconventional properties arise from 
the constantly growing needs of the economy. An example of such a material is graphene, which in recent 
years has revolutionized the market and created opportunities to develop new composites based on graphene. 
Work on the creation of composite copper - graphene have been taken to improve the - first of all - the electrical 
conductivity of materials, but also strength and other performance properties. Are now being made various 
attempts to synthesize graphene and copper, among others, using electro-deposition processes, casting 
processes and the processes of consolidation of powders. It is suspected that the increase in electrical 
conductivity can be obtained in the case of the structure that is targeted. One in which graphene layers are 
arranged in the direction of conduction of electric current. Certainly, to obtain such a structure facilitates the 
process of continuous casting, and further processing the rods in the process of drawing further directs 
structure. 

Keywords: Copper-graphene composites, electro-deposition process, casting 

1. INTRODUCTION  

Following common trends, researchers around the world are working on the invention of a unique material, 
characterized by technological superiority over existing materials. Due to the fact that the design of overhead 
lines commonly uses copper cables, efforts have been made to create composites based on that, armoring 
the base material with carbonaceous materials such as graphene [1-4], which thanks to its unique properties 
[5-6], give a great chance to create a material that combines their major features into a Cu-C composite in 
metallurgical synthesis. An advantage of graphene, which makes it stand out among other allotropic forms of 
carbon, is that it is not prone to form agglomerates (as nanotubes are) and has much greater active blending 
area with the matrix than nanotubes. Moreover, global trends related to application of carbon bring newer and 
cheaper technologies of acquiring this type of raw material. To that end, leading research and implementation 
centres works on development of methods of manufacturing and processing of aluminium-graphene or copper-
graphene composites shown in Table 1. Such works are conducted in the following centres: US Army Benét 
Laboratories, Armaments Research Development and Engineering Center, Watervliet, Rice University and 
Rensselaer Polytechnic Institute in USA. Nowadays the only application of graphene prepared for common 
use in the near future is in touch screens developed by the Korean Samsung [1-6].  
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Table 1 Review of metal-graphene synthesis methods [1-6] 

No. Synthesis method Research centres 

Estimated/achieved 
conductivity, % IACS  

(International Annealed 
Copper Standard) 

1 Electro-deposition on the Cu 
surface 

NanoRidge USA, AGH WMN 130 

University of Central Florida 200 

2 Extrusion and die-casting of 
powders Cleveland State University 1000 

3 Ultrasonic coating with 
carbon materials Los Alamos Nat’l Lab 100 

4 Composites made of CNT 
and Cu fibres Cambridge University, AGH WMN Not known 

5 Metallurgy of Cu-C 
composites Third Millennium Materials, AGH WMN 102 

6 CVD laser deposition Los Alamos Nat’l Lab 10 000 

7 Metallurgy of powders Sumitomo, Siemens, Plansee, Fraunhofer, 
Hokkaido U., KAIST 100 

Synthesis of graphene with aluminium or copper creates an opportunity to obtain new materials with previously 
unknown electrical and functional characteristics. There are different approaches and works on using different 
methods to develop such materials are in progress and include the following:   

 Chemical synthesis - Covetic type of atomic blend (blending by synthesis of liquid metal with graphene, 
under appropriate casting conditions),  

 Electrochemical deposition of graphene on elements of copper or another material,  
 Casting a mixture of liquid metal with graphene to a form facilitating further plastic processing to make 

wires with required characteristics (continuous-cast conductors as input material for further wire making 
can be the product of the process),   

 Deposition of monoatomic carbon coats (graphene) using the CVD method on the surface of Al or Cu 
wires and their further plastic processing to form wires with required characteristics,  

 Mechanical synthesis of Al powders coated with graphene or Cu powders coated with graphene to a 
form facilitating their further plastic processing to make wires with required characteristics.  

2. RESEARCH METHODOLOGY 

The base material used for the synthesis process of the analyzed composites was pure copper of the Cu-OF 
grade with chemical composition shown in Table 2 and graphene manufactured by ITME in Warsaw.  

Table 2 Chemical composition of copper for synthesis (wt. ppm). As a result of the casting process,  
               9 castings were produced under different casting conditions. 

Material Ag As Bi Pb Se Sb Te Sn Zn Fe Ni S O2 Cu 

CuOFE 8 <0.3 <0.3 2 <0.3 <1 <0.4 <0.5 1.8 1.2 1.3 1.4 2.1 rem. 

Figure 1 shows the images of the input materials. Figure 2, in turn, presents microscope scanning images of 
a multi-layer flake graphene that were used for the study.  
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Figure 1 Material used for testing; a) copper Cu-OF, b) graphene manufactured by ITME 

 
Figure 2 Summary of scanner images of graphene used for synthesis; a) the surface of the powder visible to 

the naked eye; b, c, d) various magnification 

The metallurgical synthesis of the copper-
graphene composites was carried out on a 
specially designed continuous casting station 
shown in Figure 1. The layout of the test 
bench allowed the solving fundamental 
problems during the metallurgical synthesis of 
copper with graphene, i.e. the lack of 
wettability of graphene to copper and a three 
times lower density of graphene with respect 
to copper. These problems were solved by, 
e.g. the use of a special feeder system, which 
aimed to continuously dispense graphene 
into liquid copper directly into the 
crystallization zone. Figure 3 shows the 
layout of the station. 

The research consisted of a continuous 
casting process of a liquid copper-graphene 
mixture under various process parameters, 
i.e. different temperatures of liquid metal, 
different amounts of cooling water, different 

Figure 3 The concept and technical drawing casting furnace 
used for the synthesis of metallurgical copper graphene 
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pitch values and downtime during casting. In all cases, the same casting speed was used - 20 mm/s. Detailed 
parameters of the casting process are presented in Table 3.  

Table 3 Parameters of the Cu-C composite casting process 

Parameters of the casting process 

Casting No. 
Coil 

strength in 
the furnace 

Liquid 
metal temp. 

Temp. of 
water 

cooling the 
crystallizer 
at the outlet 

Cooling 
water flow 

Casting 
temp. at the 

outlet 
Pitch Downtime 

 (A) (˚C) (˚C) (l/min) (˚C) (mm) (s) 

1 300 1250 34 3.5 195 5 1 

2 100 1330 40 1.9 205 5 1 

3 300 1315 33 4.5 230 8 1 

4 300 1230 32 7 215 4 0.5 

5 300 1266 28 7 181 2 0.5 

6 300 1270 30 6.8 245 5 0.5 

7 300 1283 30 7 255 10 1 

8 300 1296 27 10 185 5 1 

9 100 1250 29 10 285 8 0.5 

At a later stage of the study, castings with a diameter of 8 mm were tested for the effect of continuous casting 
parameters on physical properties, mechanical properties and casting structure. The mechanical properties 
test was performed on a Zwick v100 testing machine, the measuring base was 100 mm. Electrical conductivity 
test was made using the Thompson bridge. Surface roughness tests were performed using the contact method 
of a modern microprocessor-based profilograph on a Turbo Datwin-NT V1.4. Another study was to determine 
the density of a solid using a hydrostatic balance in a study based on Archimedes' law.In the next stage, 
attempts were also made to draw wire castings with a diameter of 3 mm. The process of drawing bars into 
wires was done using a laboratory draw bench. The wires were drawn at a speed of 0.2 - 0.3 m/s with the use 
of carbide-tipped workpieces. The operating angle of the working cone was 2 α = 18°, the lubricant being 
vegetable oil. Strain hardening was 85%. 

3. STUDY RESULTS AND THEIR ANALYSIS 

As a result of the casting process, 9 types of Cu-C composite castings were made, whose cross-sectional and 
longitudinal macrostructures are shown in Figure 4. 

Based on the macrostructure images it was found that depending on the parameters of the casting process, 
the macrostructure of the cast bar varies. Increasing the rate of heat recovery during the casting process by 
increasing the amount of cooling water results in a finer structure (see microstructures 3 and 7 in Figure 4). 
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Figure 4 Macrostructure of obtained casts after the casting process, cross-section and longitudinal 

In turn, reducing the intensity of cooling water results in a rough structure. Thus, the differentiation of process 
parameters in casting Cu-C composite leads to differentiation of the crystallization front which results in various 
cast structure. One of the primary issues is the efficiency of liquid copper and graphene synthesis. So the 
question is: Is graphene evenly distributed in copper and in what form is it present? To this end, microstructure 
studies were carried out using SEM techniques. The results are shown in Figure 5.  

 

 

 
Figure 5 Scanning image of fractures after uniaxial stretching of selected Cu+C castings, showing forms 

where graphene was present 
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At a later stage of the study, the physical and mechanical properties of the bars were evaluated. 

Figure 6 shows the results of electrical conductivity tests and the density of cast bars.  

 
Figure 6 a) Comparison of the electrical conductivity for bars and wires obtained according to various 

casting parameters, b) Comparison of measuring the density of bars and wires received obtained by various 
casting parameters 

Based on the tests, it was found that depending on the parameters of the casting process, the density of cast 
bars was 8.86 - 8.94 g/cm3. On the other hand, electrical conductivity tests did not show as much variation as 
in the case of density. In the next step, the bars were tested for mechanical properties, which were determined 
in a single-axis stretch test (see diagrams on the Figure 7).  

 

Figure 7 a) Summary of the tensile strength UTS for bars and wires of various obtained by various  
casting parameters, b) Summary of elongation parameters At for bars and wires obtained by various  

casting parameters 

The tensile strength in all cases was similar and was about 150-170 MPa for bars and 400 MPa for wires. In 
turn, the total elongation of castings is varied by 27-37%. The drawing process of bars resulted in a significant 
decrease in plasticity, which was about 3% (see Figure 7 b).  

The final stage of the research was the measurement of the surface quality. The results of the roughness are 
shown in the Figure 8. Difference in the roughness results of the bars results from the differentiation of the 
parameters of the casting process. 
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Figure 8 Summary of roughness parameters Rmax, Rz, Ra for bars and wires obtained by various casting 

parameters 

5. CONCLUSION 

Based on the study and the analysis of the obtained results, the following conclusions were made: 

 The selection of parameters for the casting process within the range, which was carried out in the 
research, significantly influenced the macrostructure of the obtained castings. Due to the lack of 
wettability of graphene and copper and the lack of a significant difference in density of both materials, 
the coagulation process must take place as soon as possible. Hence, such conditions of the casting 
process (the amount of water and the type of feed) are preferred that guarantee rapid crystallization.  

 The mechanical and electrical properties of the castings made are similar to the traditional Cu castings 
made by continuous casting. The only difference lies in the yield point, which is higher for Cu-C 
composites.  
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Abstract 

The microstructure and mechanical properties of a powder metallurgical Al-Zr-Ti alloy was studied. Fine 
powder with a typical size below 50 m was prepared by gas atomization. The smallest powder particles with 
a diameter below 10 m exhibited a segregation free microstructure. Larger droplets were found to contain 
intermetallic particles rich in Zr and Ti. The gas atomized powder was consolidated by spark plasma sintering 
(SPS) at various temperatures ranging from 450 to 550 °C. During SPS the materials microstructure remained 
nearly unchanged and a fine grain size between 2 and 3 m was observed. All SPS samples exhibited a 
microhardness of around 90 HV. The annealing (1 h, 500 °C) of the sample sintered at the highest temperature 
(550 °C) resulted in a decrease of microhardness to 75 HV as a result of changes in the phase composition, 
the fine grain size was retained. Natural aging at room temperature was not observed.  

Keywords: Gas atomization, spark plasma sintering, high strength alloy, thermal stability 

1. INTRODUCTION  

The development of high strength Al-based alloys which would be stable at elevated temperatures is a long-
term goal of material research. The main criteria for the alloying elements capable to produce such Al-based 
alloys are as follows: (a) The alloying element should form precipitates of an intermetallic compound with Al 
which will enhance the strength. (b) The alloying element should have a very low solid solubility up to high 
temperatures which prevents the strengthening particles from dissolution. (c) The alloying element should have 
a low diffusivity in Al matrix and the strengthening precipitates should have a low lattice mismatch with the Al 
matrix. In this case, the Ostwald ripening of precipitates can be reduced. By introduction of dense, 
homogeneously distributed, fine and coarsening resistant precipitates into the aluminum matrix a potential 
candidate for a high strength high temperature Al-based alloy can be produced. 

The Al-Zr system containing precipitates of the Al3Zr intermetallic compound has a high potential as a thermally 
stable high strength aluminum alloy. The formation of the equilibrium tetragonal Al3Zr (structure type DO23) 
phase is preceded by the formation of a metastable cubic L12 phase. This metastable phase exhibits a higher 
resistance to coarsening, especially because of a very similar structure to the Al-based matrix. The 
transformation of the high symmetry cubic L12 structure to the tetragonal DO23 one occurs at relatively high 
temperatures with prolonged exposure [1]. The stability of the cubic phase can be further increased by alloying 
with other elements (e.g. Ti, Hf, V) substituting for Zr atoms in the L12 lattice and reducing the lattice mismatch 
to Al-based matrix [2, 3]. It was shown in [4] that the lattice mismatch of the metastable Al3(Zr0.7Ti0.3) phase is 
practically zero and these particles should be extremely resistant to coarsening.  

Materials strength can be further increased by a grain size reduction. Materials with a fine grain size can be 
prepared using rapid solidification methods, e.g. by gas atomization. High cooling rates lead to a fine 
microstructure, extension of solid solubility, formation of non-equilibrium phases, all enhancing the strength of 
powders [5]. A suitable consolidation method which preserves all these benefits of gas atomization has to be 
chosen. Spark plasma sintering (SPS) combines uniaxial pressure with heating by low voltage DC current 
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flowing through the sample [6]. In this process, high current densities and large Joule heat are observed 
primarily at the powder surfaces, the powder interiors are nearly unaffected. Due to high heating rates, 
relatively low sintering temperatures and short thermal exposure of sintered powder material undesirable 
processes connected with solute reorganization and recrystallization can be strongly limited. 

The general aim of our study is to produce a thermally stable high strength aluminum alloy. As a first step, a 
combination of gas atomization and SPS was used at the Al-Zr-Ti alloy. Microstructure and microhardness of 
both powders and SPS compacts were investigated along with thermal stability of the sintered material. 

2. EXPERIMENTAL 

The nitrogen atomized Al-Zr-Ti powder supplied by Nanoval GmbH & Co. KG, Berlin was sieved down to 50 
µm. The resulting average powder particle size was 20 µm. According to the producer, the alloy contains 2.6 
wt.% of Zr and 0.7 wt.% of Ti (the corresponding Zr : Ti ratio in at. % is 65 : 35). The atomized powder was 
compacted by SPS using FCT SPS-HP25 (FCT Systeme GmbH). During consolidation, the samples were free 
heated up to 400°C, the sintering temperature (450, 475, 500, 525, 550 °C) was reached with a heating rate 
of 25°C/min. Uniaxial pressure of 80 MPa was applied to the powder during SPS which was increased 
simultaneously with temperature. The holding time was 4 min.  

Samples morphology and microstructure were investigated by scanning electron microscopy (SEM) using FEI 
Quanta 200F microscope equipped with field emission cathode (FEG). Chemical composition was studied by 
energy dispersive X-ray spectroscopy (EDS). The grain size and grain orientations were analysed using 
electron backscattered diffraction (EBSD). Microstructural investigation of compacts was performed on 
samples cut parallel to the direction of the applied stress during SPS. 

Phase composition was investigated by X-ray diffraction (XRD). Quantitative Rietveld analysis was performed 
in TOPAS V5, aiming at the determination of weight fractions of present phases. For details see [7]. 

Material strength was characterised by Vickers microhardness measured using a Qness Q10A+ 
microhardness tester. The load of 10 g was applied at the powder material. At least 15 different powder 
particles were measured. The load of 50 g was applied at compact samples. To study the material homogeneity 
an area of 4x4 mm2 was tested automatically with a distance between indents of 200 µm. 

3. RESULTS 

Gas atomization resulted in spherical powder particles (Figure 1a). Numerous very small particles (below 
10 µm) exhibit a segregation free microstructure (see arrow). The microstructure of coarser particles is mostly 
cellular, rarely dendritic-like cellular, with the cell size of about 2 µm (Figure 1b). 

    
Figure 1 Gas atomized powder particles a) morphology and microstructure, b) detail, BSE 
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Especially the largest particles contain relatively coarse precipitates. EDS measurement revealed that these 
precipitates contain both Zr and Ti (Figure 2). The investigation of the distribution of alloying elements within 
the cell microstructure revealed that the intercellular regions are depleted of Zr and Ti. 

 

Figure 2 Elements distribution in a large gas atomized particle, BSE and the corresponding EDS maps 

EBSD investigation showed the fine grain structure of atomized powders. An average grain size between 2 
and 3 µm was evaluated from measurements performed on 10 randomly selected powder particles. Figure 3 
shows a representative powder particle in BSE contrast along with the orientation image map of this particle.  

    
Figure 3 A gas atomized powder particle a) BSE contrast, b) the corresponding EBSD micrograph 

Powders were compacted by SPS at various temperatures. Large pores (see arrows) were observed after 
SPS at 450 °C, a fully dense compact was obtained only at the highest sintering temperature of 550 °C 
(Figure 4). The internal microstructure of SPS compacts is similar to that of the powder material. The former 
powder particles are still recognisable. The largest powder particles were found to be slightly deformed during 
SPS, the smaller powder particles retained their spherical shape.  

SPS compacts contain both larger (1 µm) precipitates present already in the powder and smaller, needle 
shaped precipitates. XRD measurements revealed that these precipitates are formed by the Al3(Zr,Ti) phase 
both with the L12 and DO23 structure. The total weight fraction of the Al3(Zr,Ti) phase increased slightly with 
increasing sintering temperature. Simultaneously, the metastable L12 phase was gradually replaced by the 
stable DO23 phase (3.1 wt.% of the L12 phase after sintering at 450 °C, 1.8 wt.% of the L12 phase and 1.6 wt.% 
of the DO23 phase after sintering at 550 °C).  
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Figure 4 Microstructure of compacts prepared by SPS at a) 450 °C, b) 550 °C, BSE contrast 

The mean grain size determined using EBSD mapping was found between 2 and 3 µm in all compacts 
independently of the SPS temperature. Figure 5 compares compacts microstructure in BSE contrast with its 
grain structure presented by an orientation map. The fraction of high-angle boundaries was stated to be 87%. 
The original smallest powder particles seem to be without precipitates and mostly monocrystalline, whereas 
the original largest powder particles are polycrystalline. 

    

Figure 5 Microstructure of the compact sintered at 550 °C, a) BSE contrast, b) the corresponding EBSD 
micrograph 

The mechanical properties of both powders and SPS compacts were tested by microhardness measurement. 
Whereas powders exhibited a relatively low microhardness of (49 ± 12) HV, the microhardness of SPS 
compacts was (90 ± 8) HV, nearly independent of the temperature of sintering (within the standard deviation). 

The thermal stability was studied on the compact sintered at 550 °C. This compact was annealed at 500 °C 
for 1 h followed by water quenching and then stored at room temperature for a long time. Its microstructure 
was similar to that of the non-annealed material and EBSD mapping revealed no grain coarsening (within the 
standard deviation). XRD measurements showed an increase in precipitates weight fraction due to heat 
treatment. A partial transition from the L12 to the DO23 modification of the Al3(Zr,Ti) phase also confirmed  
(1.7 wt.% of the L12 phase and 1.9 wt.% of the DO23 phase after 1 h annealing at 500 °C). 
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Samples microhardness was found to decrease slightly to (76 ± 7) HV after annealing at 500 °C. This 
microhardness does not change during a following long term stay at room temperature. 

4. DISCUSSION 

The Al-Zr-Ti alloy should deduce its high strength from a dense distribution of fine Al3(ZrxTi1-x) precipitates. As 
showed in [8], chill casting is not capable to produce such a microstructure because of a massive formation of 
coarse primary particles during solidification. On the other site, rapid solidification was reported to suppress 
formation of these coarse primary particles and to refine materials microstructure [5]. The cooling rates up to 
106 K/s applied in the melt spinning of the Al-Zr-Ti alloy with various contents of Zr and Ti resulted in the 
production of supersaturated ribbons exhibiting fine microstructure. The following thermal treatment led to the 
precipitation of fine L12 Al3(Zr,Ti) particles arranged frequently into fans. The main drawbacks of melt spinning 
method are the microstructure and phase composition inhomogeneity in the direction perpendicular to the 
ribbon plane and the difficulty of consolidation process [9, 10]. 

The cooling rates applied in the gas atomization process are generally slower and vary especially with the size 
of powder droplets. In coarser particles, a gradient of cooling rate from the surface to the centre of droplets 
can introduce further microstructural and phase composition inhomogeneity. The investigation of the same 
alloy with significantly coarser powder particles (sieved below 100 m) revealed a cellular or dendritic 
microstructure [11]. In our material, the very small powder particles are even segregation free. In coarser 
powder particles, the distribution of alloying elements within the cell structure corresponds to the peritectic type 
of phase diagram - the intercellular regions are depleted of alloying elements. Relatively coarse primary 
particles of the Al3(Zr,Ti) phase were observed especially in coarse powder particles. The formation of these 
primary particles can be supported by the presence of Ti. Whereas a high supersaturation can be achieved in 
binary Al-Zr system (8.6 wt.% of Zr can be dissolved in the Al matrix [11]), the addition of Ti resulted in the 
formation of coarse primary Al3(Zr,Ti) particles even in the melt spun ribbons [9]. The relatively low 
microhardness found in the powder material can be explained by the fact that the measurements were 
performed only in the largest particles containing coarse primary particles which do not contribute significantly 
to the strength.  

SPS of powder particles led to dense compacts, however a full density was reached only at the highest 
sintering temperature. Comparing the microstructure of different compacts, densification occurred by a flow of 
fine particles into voids between coarse ones and concurrent deformation of large powder particles in 
accordance with [13]. The short thermal exposure during SPS minimized the influence of sintering on the 
powders original microstructure. Therefore, former powder particles are still recognisable in compacts and the 
fine grain structure was preserved. On the other side, hot extrusion used for the consolidation of powder 
material in [11] resulted in a complete destruction of the original microstructure and its replacement by a hot-
worked microstructure. 

Changes in the weight fraction and structure of the strengthening Al3(Zr,Ti) phases occurred during SPS. 
Similar trends were observed in [14] after a long high temperature exposure. Similar replacement of the 
metastable L12 by the stable DO23 modification was also observed in the cast Al-0.1Zr or Al-0.1Zr-0.1Ti alloy 
[15]. Heat exposure up to 450 °C caused no transition, whereas structural transformation started at 525 °C 
after extended aging times, predominantly on dislocations due to the faster pipe diffusion.  

In contrast to the materials high thermal stability the compacts exhibited a relatively low microhardness, which 
is comparable to the value 98 HV, obtained for similar as melt-spun Al-Zr-Ti alloy [9]. Microhardness further 
decreased during heat treatment. Since materials grain size was found not to be altered by the heat exposure, 
this drop in microhardness should be connected with precipitate evolution. As showed in [9] and [15] the 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1611 

microhardness of Al-Zr-Ti alloys decreases after heat treatment at 500 °C due to formation of coarser DO23 
Al3(Zr,Ti) phase. 

In order to produce a high strength material on the base of this Al-Zr-Ti alloy, a remarkable decrease in grain 
size and suppression of coarse precipitates are necessary. Both effects can be achieved by mechanical milling. 
Choosing a proper consolidation method with minimal influence on microstructure, like SPS, favourable 
properties from milling can be retained. Further experiments will therefore focus on mechanical milling of 
atomized Al-Zr-Ti alloy, followed by sintering to bulk samples by SPS. 

5. CONCLUSION 

The Al-Zr-Ti alloy prepared by gas atomization and spark plasma sintering was studied. Gas atomization 
resulted in spherical powder particles with predominantly cellular microstructure. The intercellular regions were 
depleted of Zr and Ti. Coarse primary precipitates were found especially in larger powder particles. SPS led 
to full density compact only at the highest temperature. Sintering at increased temperatures led to formation 
of the stable DO23 modification of the Al3(Zr,Ti) phase. The fine grain size was retained after SPS and also 
after further annealing at 500 °C. 
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Abstract 

Niobium silicide based alloys with composition Nb-18Si-24Ti-5Cr-5Al-2Mo were prepared via laser additive 
manufacturing and analyzed with back-scattered scanning electron microscope and energy-dispersive X-ray 
spectroscopy in order to evaluate the solidification sequence during freezing and the microstructure evolution 
during post heat treatment process. Following primary formation of Nb5Si3, and eutectic reaction L  Nb5Si3 + 
Nbss, takes place and Nb3Si phase is suppressed, deviating from the equilibrium predictions. Due to high Ti 
concentration, a second Ti-rich Nb5Si3 phase is formed. 

After heat treatment at 1200 °C, coarsening of phases has been observed with a decreasing of the Ti-rich 
Nb5Si3 phase. A new formation of a Tiss solution phase has occurred in small volume fraction, which is related 
to the local super-saturation and high temperature diffusion. 

A better understanding of the microstructure evolution was therefore required in order to follow the formation 
and change of phases from the solidification to the heat treatment stages. This study was focuses on the 
analysis of the solidification behavior of the multi-component Nb-18Si-24Ti-5Cr-5Al-2Mo alloy under rapid 
freezing produced via laser additive manufacturing processing posteriorly heat treated at 1200 °C. 

Keywords: Niobium-silicide alloys, microstructure evolution, laser additive manufacturing, rapid freezing 

1. INTRODUCTION 

Niobium silicide-based alloys have a potential application in gas turbine blades, promising significant 
improvements when compared to Ni-based alloys. This is due to the higher temperature capability that they 
present and significant lower density and good mechanical properties, conferred by the presence of reinforcing 
ceramic phases, such as Nb5Si3 and/or Nb3Si, embedded in a ductile solid solution phase, Nbss. The 
combination of these properties would allow the manufacturing of lighter engines able to run at higher 
temperatures, increasing their efficiency [1, 2] 

A typical Nb-silicide alloy is composed of a Nb solid solution, defined as Nbss containing brittle silicide phases 
with different structures, such as α, β, γ-M5Si3 and/or M3Si [3, 4]. Other important phase can be present when 
Cr is added, forming Cr2Nb, the Laves phase (C14 or C15), which improves the oxidation behavior of these 
alloys when present in a volume fraction less than 10 at.% Cr  [5, 6]. 

The addition of alloying elements such as Al, Ti, Cr, Hf, V and Mo seeks a balance of properties to produce a 
composite useful in applications in high temperature [7-9]. Additions of Al and Cr improve the fracture 
toughness and the oxidation behavior of these alloys, since it reduces the oxygen diffusivity and due to the 
formation of a protective Al-oxide layer and Laves phase in small contents [10, 11]. The use Ti increases the 
kinetics of transformation from Nb3Si silicide to the more stable Nb5Si3, and it coarsens the Nb particles, 
increasing the ductility of the alloy and the fracture toughness by deflection of cracks [12, 13]. Additions of V 
and Mo control the formation of the Nb5Si3 silicide phase, increasing the yield strength at room temperature. 
Additions Hf affect the fracture toughness, room strength and the oxidation behavior, which requires small 
contents, and it also produces HfO2 particles, cleaning the alloy from oxygen inclusions and increasing its 
hardness [5, 14]. 
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High additions of Ti affect the binary Nb-Si system in a large scale, and therefore a ternary Nb-Si-Ti system is 
analyzed instead, also exploring the effect of other elements in the microstructure [15, 16]. The liquidus 
projection for this system was first built by Bewlay et al. [17] when studying Nb-rich and Ti-rich ternary Nb-Si-
Ti alloys, and later thermodynamically assessed by Jing et al. [18]. 

However, given the possibility of compositions and elemental additions, a full understanding of the 
microstructure evolution is needed, based on the solidification path predicted. In this work, the liquidus 
projection for the ternary Nb-Si-Ti system will be presented as basis for the study of the solidification path of 
the alloys developed, following by a closer analysis of how the microstructure evolved from the as-formed 
samples before and after heat treatment at 1200 °C.  

2. EXPERIMENTAL 

The multi-component Nb-Si-Ti samples were prepared using a laser additive manufacturing method (LAM), 
which comprises of a laser beam, responsible for melting the powder mixture introduced into a solid substrate 
by a feeder. Through CAD construction and CNC technology, the beam can be moved freely in space to build 
complex pieces in a sequence of layers. Figure 1 shows the schematic for such technique. 

 

Figure 1 Schematic of the LAM processing method. 

The main advantages of this process are the possibility of obtaining complex shapes, processing near net-
shape components without using expensive and inert mold, the good mix of the elements, which reduce the 
waste of material and less micro-segregation. Disadvantages are the relatively poor dimension tolerance 
comparing with the powder-base method and control of scanning speed to avoid materials loss. It was noted 
that increasing the speed scan increases the efficiency [19, 20]. 

The parameters used during the preparation and forming of the materials are detailed in Table 1. The nozzle 
was fed with a pre-mixed powder of the elements needed to produce the compositions aimed. With a laser 
melting the powder into a Ti substrate, a protective gas was used at all times to prevent oxidation on the molten 
pool. 

Table 1 Parameters used for the LAM equipment during processing 

Parameter Value 

Laser Power 3.0 kW 

Spot size 6.0 mm 

Powder flow rate 6.0 lmin-1 

Scanning Speed 600 mmmin-1 
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The alloys prepared by LAM were heat treated at 1200 °C, to provide comparison and to observe possible 
formation or dissolution of phases for the given treatment, X-ray diffraction (XRD) was required to confirm the 
phases present in each case. 

The final microstructures of the samples obtained before and after heat treatment were characterized using a 
Philips XL 30 scanning electron microscope (SEM), equipped with energy-disperse X-ray spectroscopy 
analysis (EDS), with which phases were identified. 

3. RESULTS AND DISCUSSIONS 

The calculated liquidus projection for the ternary Nb-Si-Ti system is presented in Figure 2, with the average 
measured composition superimposed. The solidification sequence can then be obtained, which shows the 
silicide Nb5Si3 as the primary phase closely to the peritectic valley, and the sequence of freezing is described 
as follows; L  Nbss, L  Nbss + Nb5Si3, L  Nb5Si3. 

 
Figure 2 Calculated liquidus projection for the ternary Nb-Si-Ti system [5] 

 
Figure 3 Microstructure of as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo alloy 
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The back-scattered electron image (BEI) of the as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo sample microstructure 
is presented in Figure 3. A primary dendritic structure of Nbss is formed followed by a eutectic pattern of Nbss 
+ Nb5Si3 throughout the sample, and a third formation of a dark Ti-rich Nb5Si3 phase, which is formed in the 
last stage of solidification, is observed in the eutectic channels. A layer richer in Ti is formed at the boundaries 
of the Nbss and Nb5Si3 phases.  

After EDS and XRD analysis (Figure 4), it can be confirmed that the composition of the dark phase to be a Ti-
rich Nb5Si3 phase, which is due to the large extend of the Nb5Si3 phase varying Ti contents in the diagram. An 
initial observation of this was assessed when comparing the composition of these phases with that tested by 
Li et al. [16], where it can be seen that they can present the same phases with large differences of Ti content, 
given by the large miscibility gap, which is also influenced by the rapid solidification rate proportioned by this 
processing method.  

With a rapid decreasing of temperature, there is a drop in Ti solubility for the silicide, which characterizes a 
rejection of solute to the liquid that solidifies as a Ti-rich silicide. This is evidenced in the microstructure pattern 
observed, with the dark silicide phase forming adjacent to the eutectic cellules. 

 
Figure 4 X-ray diffraction for (a) as formed and (b) heat treated sample 

 
Figure 5 Microstructure of Nb-18Si-24Ti-5Cr-5Al sample after heat treatment at 1200 °C 
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The BEI for the heat treated Nb-18Si-24Ti-5Cr-5Al sample is presented in Figure 5, where a relative 
coarsening of the Nbss and the Nb5Si3 phases can be observed, with a decrease in contrast of the Ti-rich 
Nb5Si3 phase, showing that there is a reduced of Ti. This is observed to occur due to the diffusion that 
equilibrates the unbalanced solute concentration. A new phase with small volume fraction of a punctual-like 
growth has taken place forming a Ti-rich solid solution, Tiss.  

The diffusion of Ti is followed by a restriction of the coarsening of Tiss phase, which is due to the decreasing 
temperature from the cooling stage, forming phases of small volume, which relates to shorter distances for the 
Ti solute to diffuse. The formation of a new solid solution phase during heat treatment has also been observed 
by Tewari et al. [21], when analyzing low temperature aging of multi-component Nb-Si-Ti alloys. A similar 
approach can be used of that observed in Ti-X alloys [22], where it has been highlighted that the formation of 
a new solid solution phase can follow the super-saturation of parts of the original silicide, namely Nbss 
saturating in Ti which then relives its saturation into forming a more stable local equilibrium phase, when a 
spinodal decomposition is observed [23]. 

4. CONCLUSION 

1) High Ti addition promotes and stabilizes Nb5Si3 silicide phase with suppression of Nb3Si phase. 
2) The formation of a new Ti-rich Nb5Si3 silicide phase, followed a large miscibility gap, is conferred due to 

the rejection of solute to the liquid and decrease of the solute solubility with temperature. 
3) Local segregation and super-saturation led to the formation of a Tiss phase following diffusion of Ti into 

a more stable and homogeneous composition. 
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Abstract 

Nowadays, powder metallurgy (PM) is used in many industrial applications. Conventional PM processes, such 
as cold pressing and sintering are used frequently in series production due to nearly waste-free use of initial 
materials and limited or no requirements on further processing by machining. However, these simple 
processes do not bring significant improvement of mechanical properties and also keep relatively high levels 
of residual porosity. In production of highly demanding materials, such as high-strength alloys, intermetallics 
or special composites, modern methods of powder metallurgy are under rapid development. Among powder 
metallurgy techniques used for powder production, mechanical alloying, which allows for the production of 
nanocrystalline alloys and intermetallics, composites or oxide dispersion strengthened (ODS) materials, plays 
very important role. Among the sintering methods, Spark Plasma Sintering (SPS) process became a leading 
tool because of extremely short sintering times, as well as reduced sintering temperature. Thanks to these 
facts, the unique properties of nanocrystalline powders can be preserved. Currently, there exist interesting 
variants of SPS, such as High Pressure SPS and hybrid devices combining SPS and induction heating. In 
production of intermetallics, there is also a possibility to use the Self-propagating High-temperature Synthesis 
(SHS) process. In these processes of reaction synthesis, energy is supplied to the compressed mixture of pure 
metallic powders or other precursors by heating or by electric discharge. In this paper, the applications of the 
above described methods are presented on aluminium alloys, titanium- and iron-based intermetallics and 
aluminide-ceramics composites.  

Keywords: Powder metallurgy; mechanical alloying; spark plasma sintering; SHS 

1. INTRODUCTION 

Powder metallurgy started to be applied in 1950’s mainly due to the need to process high-melting metals and 
cemented carbides, which cannot be manufactured by the use of conventional melting metallurgy ways. The 
powder metallurgy technologies consist of two important steps - powder production and its consolidation to 
compact materials. Initially, the powders were produced by chemical reduction (e.g. tungsten from tungsten 
oxide) or by milling (hard materials, e.g., carbides). Among the consolidation techniques, the combination of 
cold pressing and subsequent sintering was applied in the first period of powder metallurgy use dominantly. 
After that, more efficient processes have been developed, enabling to obtain significantly improved properties 
also in the case of common materials as tool steels. Up to now, the combination of rapid solidification technique 
(melt atomization by inert gas) and hot isostatic pressing has been established as an industrial method for 
processing of highly alloyed tool steels (group of VANADIS steels) [1]. These materials are able to achieve 
better mechanical and tribological properties than common tool steels due to a significant structure refinement 
by rapid solidification. However, the ultrafine-grained structure achieved by melt atomization is not completely 
preserved during hot isostatic pressing due to a temperature-induced grain coarsening. Therefore, it is clear 
that special consolidation techniques are needed to process nanostructured powders. Also the powder 
production technologies underwent a huge development. This paper presents modern trends in powder 
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production and consolidation technology, which can be applied in processing of metallic materials, i.e. alloys, 
intermetallics and metal-matrix composites.  

2. POWDER PRODUCTION 

Among powder production techniques, mechanical alloying, which allows for the production of nanocrystalline 
intermetallics, plays very important role. Mechanical alloying is a solid-state powder processing method, 
involving repeated welding, fracturing and re-welding of powder particles [2] during high-energy ball milling 
(Figure 1). This method produces ultrafine structures which are far from equilibrium state.  

Mechanical alloying enables to achieve following materials attributes: 

 production of fine dispersion of strengthening phase particles, 
 extension of solubility limits, 
 refinement of the grains down to nanometer scale, 
 synthesis of metastable crystalline phases (e.g. quasicrystals [3]), 
 formation of amorphous powders, 
 alloying even by insoluble elements (e.g. Mg-Ti hydrogen storage alloys [4], 
 low-temperature initiation of solid state reactions. 

 
Figure 1 Schematic description of the mechanical alloying process [2] 

Mechanical alloying was already practically applied for the synthesis of many kinds of intermetallics [5, 6, 7]. 
However, the process itself takes long time (up to 50 h), which is considered as its main disadvantage. During 
the research in previous years, the ultra-high energy mechanical alloying was developed by balancing the ball-
to-powder ratio, rotational velocity and the milling environment. This method enables to obtain intermetallic 
phases quantitatively in 2-4 h of milling. This process was already applied for the synthesis of Al-Cu-Fe 
quasicrystals [3], the powders of Al-Si-Fe based alloys with high thermal stability and strength [8], Ni-Ti shape 
memory alloys [9] and also iron-based intermetallics (Fe-Al and Fe-Al-Si alloys). 

3. POWDER CONSOLIDATION 

Mechanical alloying produces ultrafine-grained powder that has to be consolidated to produce a bulk 
intermetallic phase. The number of applicable consolidation techniques is very limited in the case of 
intermetallics due to low plasticity and poor sinterability of the intermetallics’ powders. In practice, hot isostatic 
pressing or Spark Plasma Sintering (SPS) are applicable. Spark Plasma Sintering, i.e. the consolidation by 
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uniaxial pressing combined with the passage of pulsed electric current, seems to be the most promising 
technique due to low process duration and lower process temperature required. It prevents coarsening of the 
grains of intermetallics [3]. As examples of fine structure obtained by mechanical alloying and consequent 
spark plasma sintering, the Al-Si-Fe based alloy for elevated temperatures [8] and Fe-Al-Si intermetallic alloy 
are presented in Figure 2. The main disadvantage of SPS is a low pressure used during pressing/sintering 
due to the limitations of the graphite moulds. These disadvantages could be overcome by the use of High 
Pressure Spark Plasma Sintering (HP SPS) which allows for the use of the pressures up to 8 GPa [10]. 

  

Figure 2 Microstructure of the products of mechanical alloying and spark plasma sintering:  
a) Al-23Si-8Fe-1Cr alloy [8], b) Fe-20Al-20Si alloy 

4. REACTIVE SINTERING 

The specific group of methods can be called in general “reaction synthesis” or “reactive sintering”. These 
methods are especially suitable for the synthesis of intermetallics or in-situ composites. In these processes of 
reaction synthesis, energy is supplied to the compressed mixture of pure metallic powders or other precursors 
by heating or by electric discharge. Due to the exothermic nature of the reactions leading to the formation of 
intermetallics, the energy is necessary only for the initiation of the reactions (Figure 3). After that, heat 
produced by the reactions sustains and propagates the reaction towards the body of the reactants [11]. Due 
to this fact, the process is often called “Self-propagating High-temperature Synthesis” (SHS) [7]. 

 
Figure 3 SHS progress in Ti-15Al-15Si powder mixture [11] 

Reactive sintering is the simplest method for the manufacture of bulk intermetallics. However, in some systems 
(e.g. Fe-Al or Ti-Al) this process results in highly porous products [11]. The solution of this problem is the 
pressure-assisted reactive sintering. In some cases, reactive sintering or SHS in general can be applied for 
the synthesis of the materials with controlled porosity, such as NiTi scaffolds [12] or newly developed porous 
Ti-Si based alloys for bone substitution (Figure 4). 
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Figure 4 Structure of new titanium and silicon containing intermetallics-based biomaterial 

Reactive sintering also allows the preparation of intermetallic matrix composite materials with ceramic 
reinforcement that can be potentially applicable as the substitute for cemented carbide. In our previous work, 
the route for the synthesis of nickel aluminide NiAl reinforced by Al2O3 particles (Figure 5a) or short fibres [13] 
and TiAl-Ti5Si3 in situ composite [11] was developed.    

  

Figure 5 Microstructure of NiAl-Al2O3 composite [13] (a) and TiAl-Ti5Si3 in situ composite [11] (b) prepared 
by reactive sintering 

Abrasive wear rate of selected materials based on intermetallics are presented in Figure 6 in comparison with 
highly wear resistant tool steel AISI D2. Results show that single-phase intermetallics do not exhibit high wear 
resistance. On the other hand, the intermetallic-based composite materials achieve comparable (NiAl-Al2O3) 
or even much better wear resistance (TiAl-Ti5Si3) than highly wear resistant tool steel. The great advantage is 
that these materials achieve the wear rate in the same range as tool steels without the need of heat treatment.  
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Figure 6 Abrasive wear rate of selected materials based on intermetallics  

(load 5.8 N, sliding distance 2500 m, grinding paper P1200) 

5. CONCLUSION 

This paper presents non-conventional methods in powder metallurgy processing of selected alloys, 
intermetallics and composites. Combination of mechanical alloying and suitable compaction technique (Spark 
Plasma Sintering) and reactive sintering of compressed powders seem to be the future of the production of 
high-grade materials. For selected applications, mainly in production of special materials based on 
intermetallics, reactive sintering is an interesting alternative processing route.  
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Abstract 

In this study, it was investigated fabrication of high entropy alloy containing 25 wt.% Fe, 25 wt.% Co, 25 wt.% 
Cr, 15 wt.% Ni, 10 wt.% Al via Electric Current Activated (Assisted) Sintering (ECAS) process and effect of 
heat treatment (annealing) on sintering samples. Heat treatments were performed in open atmospheric furnace 
at 900, 1000 °C for 10 hours. Microstructures of sintered and heat treated samples were investigated by optic 
and scanning electron microscopes, phases in samples were analyzed by XRD and their hardness was 
measured by Vickers hardness tester ranged from 291 to 977 HV. 

Keywords: High entropy alloys, FeCoCrNiAl alloy, ECAS, heat treatment, hardness 

1. INTRODUCTION 

High-entropy alloys (HEAs) (some other names are multi-principal-element alloys, equi-molar alloys, equi-
atomic ratio alloys, substitutional alloys, and multi-component alloys) emerge as a new research frontier in 
materials science and engineering [1, 2]. Traditional alloys are typically composed of one principal element, 
with minor additions of other elements to tailor the microstructures and properties (such as iron based, 
aluminum based, and nickel based super alloys). HEAs differentiate with conventional alloys in that they have 
at least four principal elements, instead of one or two elements. Moreover, HEA is defined as an alloy 
containing n principal elements, where n is between 5 and 13, and the molar ratio of each element ranges from 
5 to 35 at.% in an equimolar or near equimolar ratio with a small difference in atomic radius (<15%)   
[3- 5]. Due to the multi-principal-element composition, HEAs have more pronounced entropic effects than 
conventional alloys, i.e. “high-entropy effect” [3, 6]. The high-entropy effect states that the higher mixing 
entropy (mainly configurational) in HEAs lowers the free energy of solid solution phases and facilitates their 
formation, particularly at higher temperatures. The number of phases present in HEAs can be evidently 
reduced because of enhanced mutual solubility among constituent elements. According to Gibbs free energy 
(G=H-TS, where G is the Gibbs free energy, H is enthalpy, T is temperature, and S is entropy), entropy can 
stabilize a phase with higher entropy, provided that temperature is sufficiently high. As a consequence, HEAs 
often possess simple solid-solutions or amorphous structure rather than intermetallics and exhibit high 
hardness, excellent strength as well as promising resistances to wear, oxidation and corrosion. To synthesize 
methods used for high entropy alloys are generally arc melting, mechanical alloying followed by isostatic 
pressing and surface coating (plasma spray and laser coating) [3, 9, 10]. The objective of the present work is 
to fabricate high entropy alloy containing Fe-Co-Cr-Ni-Al elements via Electric Current Activated (Assisted) 
Sintering (ECAS) process which less used method for producing HEAs and to investigate effect of heat 
treatment (annealed) on microstructure and mechanical properties of sintered samples [6-10].  

2. EXPERIMENTAL DETAILS 

The starting materials are Fe-Co-Cr-Ni-Al elemental powders with high purity (99 wt.%) and particle size of 
~45 µm (-325 mesh). 25 wt.% Fe, 25 wt.% Co, 25 wt.% Cr, 15 wt.% Ni, 10 wt.% Al (23 Fe, 21 Co, 24 Cr, 13 
Ni, 19 Al in atomic percent) containing powders are ball milled 4 h then cold-pressed before sintering to form 
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a cylindrical compact under a uniaxial pressure of 200 MPa. The production of HEAs is performed via electric 
current activated sintering technique in an open atmosphere with a current of 2500 A for 150 s. After sintering, 
sintered samples are annealed in an open atmospheric furnace at 900 and 1000 °C for 10 h. Phase analysis 
of sintered and heat treated samples are performed by XRD analysis technique using Cu K radiation with a 
wave length of 15.418 nm over a 2 range of 10°  2  90°. The microstructures of the products are examined 
by means of scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS). The 
microhardness of polished specimens is measured by using Vickers indentation technique with a load of 50 g 
for 15 s. 

3. RESULTS AND DISCUSSION 

SEM micrographs of sintered, sintered and annealed for 10 h polished samples are given in Figure 1. Sintered 
sample micrograph is different than sintered-annealed samples and the microstructures of sintered annealed 
samples at different temperature are similar to each other. In sintered sample, the distribution of elements is 
inhomogeneous and especially Cr together with O concentrates individually different from the other 
constituents. With the annealing, the distributions of elements get homogenous (Figures 2 and 3).  ECAS is 
very short time process and does not give opportunity for diffusion due to sluggish diffusion of elements in 
HEAs. At the same time, ECAS process temperature cannot reach required process temperature for single 
phase formation. Also the amount of dark gray areas which is rich in aluminum (Mark 7 in Figure 2a) decreases 
by the annealing heat treatment.  

(a) (b) 

(c) 

Figure 1 SEM micrographs of a) sintered, b) sintered and annealed at 900 °C and c) sintered and annealed 
at 1000 °C  

50 μm 50 μm 

50 μm 
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Marks 
wt. % 

O Al Cr Fe Co Ni 
1 - 0.82 1.29 1.13 0.25 96.51 

2 - 23.74 0.95 2.75 5.55 67.01 

3 12.56 0.24 86.26 0.34 0.31 0.29 

4 13.46 0.15 85.22 0.82 0.31 0.04 

5 - 0.43 1.53 2.19 0.78 95.07 

6 5.34 - 6.49 9.43 57.78 20.96 
7 4.89 19.74 7.70 31.97 34.45 1.25 

8 7.30 4.62 0.62 31.04 46.98 9.44 

 
 

Marks 
wt. % 

O Al Cr Fe Co Ni 
1 2.05 21.62 8.78 16.66 27.70 23.19 
2 4.84 7.87 33.26 25.99 20.14 7.90 
3 - 23.63 7.71 16.51 27.43 24.72 
4 4.29 4.93 27.58 30.14 26.64 6.42 
5 - 23.88 9.72 16.69 24.12 25.59 

(a) (b) 
Figure 2 SEM-EDS micrographs and EDS point analysis of samples a) sintered, b) sintered and annealed  

at 1000 °C  

(a) 
Figure 3 SEM-EDS dot maps on samples a) sintered, b) sintered and annealed at 900 °C 

SEM Fe Cu Cr

O Ni Al
20 µm 20 µm 20 µm 20 µm

20 µm20 µm20 µm

20 μm 
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(b) 

Figure 3 SEM-EDS dot maps on samples a) sintered, b) sintered and annealed at 900 °C 

The hardness of the all samples, sintered and sintered-annealed, varies in a wide range (Table 1) because of 
the different phase hardness being in HEAs. Also, with the annealing, the hardness range increase due to 
presence of NiCoCr (σ) and intermetallic phases [11].   

Table 1 The microhardness value of HEAs (HV), 50 g load, 15 s  

Sintered 
Sintered + annealed 

900 °C 1000 °C 

291-533 406-903 376-977 

XRD analysis (Figure 4) 
shows that sintered sample 
has Fe, Co, Cr, Ni elements 
and AlNi intermetallic phase. 
After the heat treatment, 
sintered-annealed samples 
at both temperatures (900 
and 1000 °C) have similar 
phases and consist of 
dominantly NiCoCr phase 
and less amount of AlNi, 
AlNi3, Fe3Ni2, Cr, Co, Fe 
phases. Many HEAs tend to 
form simple face-centered 
cubic (fcc) and/or body-
centered cubic (bcc)-type 
solid solution phases which 
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Figure 4 XRD patterns of sintered and sintered-annealed samples,  
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often attributed to their high entropies of mixing that are thought to suppress the formation of intermetallic 
compounds or other equilibrium phases. Configurational entropy alone is not sufficient to explain the formation 
of simple random solid solutions in cases where the atomic size differences between atoms are large or when 
there is a strong attraction between certain elements in the multicomponent alloy. In such cases, various 
intermetallic phases (or intermediate phases) and under some processing conditions even amorphous phases 
have been observed. Among the intermetallic phases, the crystal structures most commonly observed are B2, 
sigma (σ) phase, and Laves phases. In this study, with the heat treatment after the sintering, NiCoCr sigma 
(σ) phase and intermetallic phases (AlNi, AlNi3, Fe3Ni2) are also observed. These phases are thought to be 
due to precipitation from the solid solutions in HEAs during slow cooling or thermal annealing of these alloys 
[1, 10]. 
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Abstract 

The present paper describes producing alumina ceramic matrix composites reinforced with nickel at ratios of 
1 % to 7 % by weight and their resultant mechanical and electromagnetic properties. In this study powder 
metallurgy method was used and samples obtained at 1440 °C for 1 h in graphite powder. Argon atmosphere 
has widely used to produce metallic particulate reinforced ceramic based composites to prevent oxidation risk 
of metallic particulate. However, in this study using a graphite powder it can be easily sintered bulk materials 
in a ceramic pot. The firing shrinkage of sintered test materials ranged from 20.14 to 21.19 %. Uniform 
distribution of ductile nickel particles in the matrix was characterized by SEM microscopy and the presence of 
nickel and alumina phases were confirmed by EDS and XRD analysis. It was found that the fracture toughness 
of test materials increased with the nickel content from 3.0 to 7.05 MPa·m1/2. A slightly decreasing for hardness 
values was also detected. Hardness and fracture toughness was determined using Vickers indentation 
technique with applying, 0.98 and 98 N load respectively. Electromagnetic shielding effectiveness of nickel 
particle reinforced alumina composites were investigated in the in the wide range high frequencies of 12.4-18 
GHz (Ku band). The experimental results indicate that in addition to increasing the mechanical properties 
electromagnetic characteristics of the composite has been preserved. 

Keywords: Fracture toughness, Al2O3-Ni composite, sintering, powder metallurgy, electromagnetic  
         shielding 

1. INTRODUCTION 

Ceramic matrix materials are very important materials and have wide applications, especially in some harsh 
environments, like high temperature, strong acid and base, etc. Alumina is an essential ceramic material with 
many prominent properties such as low density (3.95 g/cm3), excellent chemical inertness and high softening 
temperature. However, its application is restricted by the intrinsic brittleness [1-5]. To overcome the problem 
of brittleness ductile metal particles have often been incorporated as a second phase to improve the fracture 
toughness of ceramics. In this way mechanical properties of ceramics are improved. Dispersion of a ductile 
second phase enhances fracture toughness of ceramics through facilitating crack deflection, arresting and 
absorbing energy of microcrack, microcrack toughening, crack bridging and crack blunting [3-6]. The 
distribution of Ni in Al2O3 is very important for optimizing mechanical and functional properties of composites. 
This type of composites can be fabricated by sol-gel processing, pressureless sintering, hot pressing fine Al2O3 
and nickel powder mixtures, and hot pressing the Al2O3 and NiO powders by reducing in hydrogen atmosphere 
[4-7]. Also to avoid explosive effect of hydrogen gas during sintering, graphite can be used safely to protect Ni 
particles from oxygen like as in our study.  

Composite materials have gained more importance in recent years since they offer good electromagnetic 
shielding behavior in addition to their better mechanical resistance, strength, lightness, and isolation properties. 
However, in some applications, composite materials are preferred due to their improved properties, but it may 
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be desired to maintain electromagnetic behavior of the material despite the metal addition [8-14]. The aims of 
this study are to process of Ni reinforced alumina ceramic composites and to search of these composites 
microstructural, physical, mechanical and electromagnetic properties. 

2. METHOD AND PRODUCTION DETAILS 

2.1. Powder processing 

In this study, Al2(SO4)3 was used as raw material to prepare pure alumina powders with an average particle 
size of 0.3 m and purity of 99.9 %. Pure alumina was doped with metallic nickel powders with a particle size 
of 3-7 m and 99.9% purity. Firstly, Al2O3 and Ni particles were mixed and ball milled for 48 h with alumina 
balls. Then the mixtures obtained were uniaxially pressed into round pellets of 15 mm x 3 mm under a pressure 
of 170 MPa. The compacts were then sintered at 1440 °C to avoid melting of Ni in an atmosphere controlled 
furnace at a heating rate of 5 °C/min for 1 h. After sintering they were cooled at a rate of 5 °C min-1 down to 
the room temperature. Schematic representation of production of alumina powder and the experimental 
sample preparation stages are given in Figure 1.  

 

 

(a) (b) 
Figure 1 The flowchart showing experimental stages of preparation of test samples, a) alumina powder 

production, b) preparation of test samples 

2.2. Characterization 

The presence of phases within the sintered samples was determined by x-ray diffraction using CuK radiation 
with a wavelength of 0.15418 nm over a 2 range of 10 to 80o. The morphology of sintered alumina-nickel 
ceramic composites was revealed by means of scanning electron microscope (SEM). In order to verify the 
presence of Al2O3 and Ni powders energy-dispersive x-ray spectrometric analysis (EDS) was used. The 
relative densities of sintered composites were determined by using Archimedes’ method in distilled water.  
Firing shrinkages of the samples were identified by measuring dimension of both green and sintered compacts. 
The hardness of samples was determined by using Vickers indentation technique. Fracture toughness of 
samples was measured via indentation fracture technique using Vickers diamond indenter under 98 N load.  
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The equation used for calculating fracture toughness was: 

 Kc = XP / c3/2 (1) 

where X is the residual-indentation coefficient [15, 16] which depends on hardness-to- modulus ratio (E/H) of 
ceramic composites. The constant X is 0.016 (E/H)1/2, where H and E hardness and Young’s modulus of test 
materials respectively. P is the applied load and c is the indentation half crack length. 

3. EXPERIMENTAL RESULTS 

3.1. XRD characterization 

X-ray diffraction analysis has revealed that  alumina phase and metallic nickel has formed in the sintered 
samples. As it can be seen in Figure 2, oxidation-free nickel has obtained and the more Ni content has 
provided the higher intensity. A slightly oxidation has been determined during SEM-EDS observation 
(Figure 3) but this oxidation amount has not detected in XRD analyses. In addition it can be easily claimed 
that from Al2(SO4)3 to Al2O3 powder production obtained successfully. 

3.2. Microstructure 

Figure 3 reveals SEM images with EDS spectrum of the alumina nickel powder mixtures sintered at 1440 °C 
for 1 h. Grey areas are Al2O3 and white ones are Ni. The distribution of Ni is homogenous in composite. SEM 
examinations revealed that Ni particles have a close spherical morphology with 3-4 micrometer particle size 
scale and do not present significant agglomeration. In order to verify the presence of Al2O3 and Ni powders 
energy-dispersive x-ray diffraction analysis (EDS) was used and it was found that the dominants constituents 
are alumina and nickel. It is clear that Ni particles were well-dispersed in the alumina matrix. As a result it is 
possible to claim that Al2O3-Ni composites can be obtained via powder metallurgy method without using argon 
atmosphere cheaply. 

3.3. Mechanical properties 

The relative density of sintered test materials was measured according to Archimedes’ method and firing 
shrinkage was estimated by measuring diameter of the samples. As it can be seen in Table 1, the relative 
density and firing shrinkage of test materials increased as the amount of ductile second phase increased. 
When it comes to hardness values a slightly reducing also seen. The fracture toughness of alumina-nickel 
ceramic composites calculated by Vickers indentation technique increased with the addition of nickel particles. 

Table 1 Codes, composition, firing shrinkage, relative density and mechanical properties of test materials 

# of 
Sample Samples 

Composition (wt.%) Firing 
shrinkage (%) 

Relative 
density (%) 

Hardness, 
HVN 

Fracture toughness 
(MPa·m1/2) Al2O3 Ni 

1 Al2O3 100 0 - 96.7 1570 ±13 3.0 

2 Al2O3-1 wt. % Ni 99 1 20.14 96.60 1559 ±5 5.39 

3 Al2O3-3 wt. % Ni 97 3 20.51 96.69 1506 ±11 5.70 

4 Al2O3-5 wt. % Ni 95 5 20.86 97.38 1467 ±6 6.11 

5 Al2O3-7 wt. % Ni 93 7 21.19 97.89 1393 ±8 7.05 

The variation of fracture toughness and relative density of Al2O3-Ni composites as a function of nickel amount 
showed that due to ductile Ni Particles, the fracture toughness of test materials increased and their relative 
density also slightly enhanced as shown in Figure 4. 
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Al2O3 -1 wt. %Ni Mark 1 Mark 2 

   

Al2O3-3 wt. % Ni Mark 1 Mark 2 

 
  

Al2O3 - 5 wt. % Ni Mark 1 Mark 2 
 

  
Al2O3 - 7 wt. % Ni Mark 1 Mark 2 

Figure 3 SEM images of Al2O3-Ni composites including EDS spectra  
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Figure 4 The variation of relative density and fracture toughness of Al2O3-Ni composites as a function  

of nickel amount 

The electromagnetic shielding effectiveness (SE) behavior of a material can be defined by measuring 
transmitted power (or field) and incident power (or field) [13, 14, 17, 18]. The SE is defined as the logarithmic 
ratio of these two parameters in decibels as follows: 

  SEdB = 10 log (PT /PI) (2) 

  SEdB = 20 log (ET /EI) (3) 

PT and ET are transmitted power and electric field values measured. PI and EI are incident values of same 
quantities. For the positive quantities, it can also be thought of as having a negative sign in the equation. 
Measurements of test materials have been carried on an Agilent E5071C ENA Series Network Analyzer and 
wave guide based setup [18-20] in the frequency ranges of 12.4-18 GHz (Ku band). The samples measured 
in this study are given in Table 1 according to composition. Measurement results are shown in Figure 5. 

 
Figure 5 Electromagnetic shielding effectiveness measurement results for Al2O3 and sample composites 
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CONCLUSIONS 

The authors developed the ceramic matrix composites with the metallic nickel reinforced material via powder 
metallurgical technique in graphite atmosphere. While using metallic particulate addictive it is aimed to 
increase not only mechanical properties such as fracture toughness but also preserve electromagnetic 
interference behavior of alumina type ceramic. 

It is well known that the main problem in producing ductile phase-reinforced ceramic matrix composites is the 
oxidation of ductile phase. In order to overcome this problem in present study, sintering process of the test 
materials was carried out in graphite powder as a result of which oxidation was successfully prevented.  

The presence of alumina and nickel were confirmed by x-ray diffraction (XRD) analysis and no oxidation of 
nickel was observed. SEM examinations on the cross-sections of test materials showed that Ni particles are 
uniformly distributed in the alumina matrix. The relative densities of the test materials, measured in accordance 
with Archimedes’ principle, were 96.6 %, 96.7 %, 97.4 % and 97.9 %, respectively. The fracture toughness of 
test materials was 5.4, 5.7, 6.1 and 7.1 MPa·m1/2 and the corresponding values of hardness measured by 
Vickers indenter were 1560, 1506, 1467 and 1394 HVN. When the addition of nickel from 1% to 7 %, hardness 
decreased from 1560 HVN to 1394 HVN and indentation fracture toughness increased from 5.4 to 7.1 
MPa·m1/2, respectively. Hence the results indicate that, the toughness of Al2O3-Ni composites has been 
improved 50 % compared to that of pure alumina which has a fracture toughness of 3.9 MPa.m1/2. This 
increment in toughness can be attributed to crack deflection ability and absorbing energy of crack by ductile 
nickel phase. Also firing shrinkage values are increased from 20.14 % to 21.19 % depends on the Ni content. 
The electromagnetic shielding characteristics of composites have been investigated by measurements and 
results have been compared with the pure alumina. It is found that, despite increasing the Ni ratio in 
composition, within specified ratios in the study, electromagnetic wave shielding rates have remained almost 
same as it desired. 
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Abstract 

From year to year the demand for rare earth metals is constantly growing. Majority of these metals find 
application in permanent magnets, lamp phosphors, catalyst and rechargeable batteries. The production of 
such metals in 2016 was 126 000 tones and China was the leading producer (84%). In the last years China 
limited the supplies of these products; therefore it is really important to be more absorbed in recycling of spent 
products containing rare earth metals. Today the researchers focus on recycling of rare earth metals from their 
three applications: permanent magnets, nickel metal hydride batteries and lamp phosphors. The article 
presents review of available methods of recovery the rare earth metals but only from the fluorescent lamps 
(monochrome and trichromatic phosphors - red, blue and green). Mentioned methods based mainly on 
hydrometallurgical processes such as leaching and pyrometallurgical methods like alkali fusion; purification 
approaches were also shortly discussed. 

Keywords: Fluorescent lamp, rare earth metals, recovery, recycling of spent products 

1. INTRODUCTION 

Rare earth metals have a more significant meaning in today’s life. They are used as a component in phosphors, 
lasers, magnets, batteries, magnetic refrigeration, high temperature superconductivity, safe storage and 
transport of hydrogen, catalyst, polishing powders, glass additives, metallurgy, ceramics and many others. 
What is more for common people it is really important to know that such devices as smart phones, digital 
camera, computer hard disks, fluorescent and light emitting diode (LED) lights, flat screen TV, computer 
monitors do not exist without rare earth metals. Figure 1 shows the percentage world demand by application 
for rare earth metals in 2010 and 2015. The slight insignificant decrease of rare earth metals application in 
light technologies are due the fact that LED technologies (the most popular today) relies in less measure on 
rare earth metals. On the contrary application of rare earth metals in NiMH batteries used in electric vehicles 
or magnets should be increasing. It is estimated that the consumption of rare earth metals should be in 2020 
about 150 000 tones [2]. 

a)   b)  
Figure 1 Percentage world demand for rare earth metals in: a) 2010, b) 2015 [1] 
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The production of metals in 2016 was 126 000 tones and to the leading producers belong China (84%), 
Australia (11%) and Russia (2%) (see Figure 2). Apart from China small mines are working in India, Brazil, 
Malaysia and Russia. In the last years China limited the supplies of these products; as a result new mine 
production in Australia (Mount Weld) and the USA (Mountain Pass, California) has begun [5]. Technologies of 
obtaining the rare earth metals from minerals are complicated, time-consuming, energy consuming and 
producing many wastes; therefore it is really important to be more absorbed in recycling of spent products 
containing rare earth metals. 

a)  b)  

Figure 2 Production of rare earth metals by different countries in: a) 2000, b) 2016 [3, 4] 

2. RARE EARTH METALS USED IN FLUORESCENT LAMPS 

There are different kinds of lamps (see Figure 3), however LEDs technology increasingly replace light bulbs, 
halogen lamps, fluorescent lamps because of longer lifespan (40 000 hours), high quality of continuous warm 
and pleasant light, more energy-saving and environmental-friendly technology [6, 7]; therefore in the nearest 
future among others compact fluorescent lamp will be for sure recycled. Rare earth metals used in fluorescent 
lamp concentrated in phosphors which main aim is to convert the lamp`s ultraviolet radiation into visible light 
(see Figure 4), phosphors influence also the lamp ability to reproduce all colors in natural way and having the 
color temperature of the generated light [8]. Typical fluorescent lamp consist of 88% glass, 5% metals, 4% 
plastic, 3% phosphor powder and mercury (about 0.005%) [9]. In lamps are used five different phosphors: 
green LaPO4:Ce3+,Tb3+ (LAP), (Gd,Mg)B5O12:Ce3+,Tb3+ (CBT), (Ce,Tb)MgAl11O19 (CAT), blue 
BaMgAl10O17:Eu2+ (BAM) and red Y2O3:Eu3+ (YOX). 

 
Figure 3 Predicted values in year 2020 of global market considering different lightning technology: CFL - 
Compact Fluorescent Lamp, LFL - Linear Fluorescent Lamp, HAL - Halogen lamp, HID - High-intensity 

discharge lamp, LED - Light Emitting Diodes comparing with year 2012 and 2016 [6, 7] 
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Figure 4 The view and principle of working the fluorescent lamp [10] 

Typical tricolor phosphor composition taking into account the metals is the following: 46.9-51.2% Y (Y2O3), 3.9-
4.4% Eu (Eu2O3), 4.1-5.3% Ce (CeO2), 2.2-2.6% Tb (Tb4O7), 29.9-35.9% Al (Al2O3), 2.7-4.0% Mg (MgO) and 
2.1-3.2% Ba (BaO) [8]. Table 1 shows the the main rare earth metals dominating in tricolor phosphors.  

Table 1 Main rare earth metals dominating in tricolor phosphors [10] 

Phosphor Chemical formula % Y2O3 %Eu2O3 %CeO2 %Tb4O7 

red Y2O3:Eu3+ (LAP) 85.3-93.0 6.8-7.6 - - 

green (Ce,Tb)MgAl11O19 (CAT) - - 11.5-15 6.2-7.4 

blue BaMgAl10O17:Eu2+ (BAM) - 2.0-2.2 - - 

To sum up, fluorescent lamp phosphors taking into account rare earth metals are a prime candidate for 
recycling because lamps can be collected in large amounts (used widely in industry and business), in the 
nearest future they will be replaced by LEDs lamp, and additionally they contain mercury which is treated as a 
danger substance for which recycling infrastructure exist [11]. 

3. AVAILABLE METHODS OF RECYCLING SPENT FLUORESCENT LAMPS 

Today recovery of precious and critical metals from waste materials is really important [12-14]. Rare earth 
metals become today treated as critical metals, therefore there are many different approaches what to do with 
spent fluorescent lamp; they for sure are discarded or stockpiled. It is estimated that by 2020 the stockpiled 
phosphor waste will contain about 25 000 tones of rare earth metals [15]. Table 2 shows the potential for rare 
earth metals from magnets, batteries and phosphors in 2020. Presented estimation shows that recycling 
process of rare earth metals could essentially improve the state of overall rare earth metals, mainly in regions 
where the primary metals are not produced. 

It is possible to use for recycling lamp phosphors physical separation methods such as magnetic separation, 
flotation or centrifugation - they enable to reuse the phosphors; however high purity requirements and 
deterioration of the phosphors powders during their lifetimes are the barriers for industrially application of the 
physical separation methods. Additionally these methods can be used only to one type one fluorescent lamp 
- different lamps use different phosphor powders [16].   

Figure 5 shows typical scheme of recycling process. Firstly, physical processes like dismantling, crushing, 
segregation are used to sort waste fluorescent lamp into different materials (glass, phosphors, metals, 
mercury); then phosphors are treated chemically to separate rare earth metals - see Table 3. 
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Table 2 Recycling potential for rare earth metals from magnets, batteries and phosphors in 2020 [16] 

Application Average 
lifetime 

Estimated values 
of metals, tones 

Estimated scrap 
of metals, tones 

Pessimistic Optimistic 

Scenario, amount of recycled metals 

Magnets 15 years 300 000 20 000 3 300 tones 6 600 tones 

Ni-M-H batteries 10 years 50 000 5 000 1 000 tones 1 750 tones 

Lamp phosphor 6 years 25 000 4 167 1 333 tones 2 333 tones 

 
Figure 5 The scheme of recycling process of rare earth metals [10]  

Table 3 Characteristics of pretreatment or physical processes and chemical treatment used in recycling rare  
   earth metals [7, 10, 14, 17-25] 

Stage Characteristics 

Pretreatment and physical processes 

 

Dismantling: 
end cut/air 

push 
method 

Method was developed by the MRT Company in 2013 in Holland; equipment from MRT has been 
imported by the Beijing Eco-island science and technology Co., LTD in China in 2013, additionally 
Germany WEREC, OS-RAM, BISON and OSIMA companies developed the “end cut/air push” system; 
this method consist of the following stages: 
 aluminum caps at two ends of the tube are cut off - caps can be crushed to recover metal, 
 fluorescent powders containing Hg are blown out by the high-pressure air and collected, 
 mercury can be recovered with the gas flowing through the active carbon, 
 non-metallic materials can be used as additives of building materials or as fillers for wastemines. 

Crushing  Wet crushing - operated in liquids like ethanol or acetone to capture the mercury and avoid mercury 
vapor contamination; method used in the industrial production of fluorescent lamps in some countries 
(Germany, Finland and Switzerland), 

 dry crushing - carried out in closed or vacuum environment, metals, glass and phosphors containing 
Hg are separated, phosphors then are chemically separated and Hg is recovered - many companies 
(Fluorescent Lamp Recyclers Technologies Inc., Canada; AERC Recycling Solutions, USA; 
Lampcare, UK) have developed dry crushing equipment, however Japan is leading in this area 
(Nomura Kohsan). 

Chemical treatment 

Acid 
leaching 

Extraction of rare earth metals from waste tricolor phosphors, the most important wet processes, parts 
of rare earth metals in wastes can be transferred to aqueous liquor in the form of ions, it is possible to 
use HCl, H2SO4 and HNO3 as a leaching agent; higher leaching efficiency could be obtained by H2SO4 
leaching, with the increase of temperature, H2SO4 concentration and shaking rate; 4M HCl with addition 
of H2O2 (4.4 g/dm3) is strong leaching agent; YOX is easy soluble in acid after milling; Y and Eu can be 
recovered during pressure leaching in H2SO4/HNO3 (4 h, 125 °C, 5 MPa). 

Alkali fusion Thermal decomposition of insoluble substances, the main aim is to destruct the structure of the 
substance and transfer it into soluble substance; this method can effectively destroy the spinel structure 
of waste fluorescent powders; LAP, BAM and CAT phosphors are heated with solid Na2CO3 in 1000 
°C; the main factors are: mass ratio of NaOH and the waste phosphors, calcination temperature and 
time; results showed that (in condition: mass ratio 6:1, 900 °C and reaction time 2 h) leaching efficiency 
of the rare earth metals (Y, Eu, Ce, and Tb) could reach close to 100%.  
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After chemical treatment there should be separation of rare earth metals. It can be done by precipitation; 
however this approach is not the best one when high purity products are required [25]. Separation of rare earth 
metals ions in solution can be obtained by solvent extraction and ion exchanges - see Figure 6. Today a liquid-
liquid extraction is one of the most promising methods for such separation. In conventional solvent extraction 
the use of large amount of volatile organic solvents has been problematic. So, ionic liquids seems to be 
alternative due to their unique properties like flame resistance and negligible vapor pressure [27].  

 
Figure 6 The scheme of different purification processes of rare earth metals [26]  

4. CONCLUSIONS 

Whereas recycling processes of many waste materials are commonly conducted and know; still there is 
problem with recovery of rare earth metals. Therefore; today the big environmental challenge has become tens 
of millions of lamps disposed of each year in Europe and all over the world. Spent lamps are collected, sorted 
and treated by specialized recycling companies to separate and obtain different components like glass, metal, 
plastic, mercury. Then phosphor powders should be directed to the plant or process in which the rare earth 
metals will be separated and purified. Recycling process for lamp phosphors waste for industrial scale is only 
conducted in one company - Solvay, in 2012 such process was implemented there successfully, it is possible 
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to treat about 2000 tones of phosphor waste powder per year [15, 28]. There are two plants in Saint Fons in 
which rare earth concentrate is produced; then such concentrate is directed to plant in La Rochelle, where rare 
earth metals are purified and separated. Recent economic and political changes caused that the recovery of 
rare earth metals form spent products will be growing from year to year. Fluorescent lamps are in main attention 
because of they wide use, what ensure their availability.  
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Abstract 

The paper presents the results of physical modelling of 7075 aluminum alloys in T6 state deformation. The 
tests were performed using STD 812 torsion plastometer. The influence of different deformation schema on 
the level of stress, selected properties and changes in structure of the alloy was determined. Preliminary 
experimental studies of the rolling process in a three high skew rolling mill for the selected variant were also 
performed. 

Keywords: Physical modelling, deformability, 7075 aluminum alloy  

1. INTRODUCTION  

The importance of aluminum alloys is unquestioned for many years. Due to its high mechanical properties, the 
7xxx series alloys are often used in aviation (wings, aircraft fuselage) and for the manufacture of carrying 
elements of bridges, trucks, trailers, passenger semitrailers, ships, cranes or rail cars. They are also used as 
components of tanks, mining equipment, hydraulic systems and in the shipbuilding industry [1-3]. 

The 7xxx series of Al alloys are the most resistant alloys from commercially available group of aluminum alloys. 
They are precipitation hardened alloys. High strength is due to the presence of elements such as zinc, copper, 
magnesium and chrome [4]. Applied zinc and magnesium additions, as well as very often copper, increase not 
only the strength but also the resistance to stress corrosion. These elements form the precipitations of the 
ternary or quaternary compounds formed by the supersaturation process and then aging. Their presence, size 
and layout affect the level of alloy strengthening. The effect of strengthening in these alloys is influenced by 
the grain refinement, the solution strengthening and the work hardening. Significant is the ratio of Zn:Mg, which 
affects the level of properties of the obtained products [5]. The important advantages of these alloys are very 
good thermal conductivity, average corrosion resistance and good machinability [6-10]. 

One of the important elements influencing the properties of the finished product is the plastic processing 
method used during its forming. It is therefore reasonable to conduct research to improve the properties of 
alloys with such a wide application potential. 

One of the basic elements is to determine the value of the material's susceptibility to plastic forming. This 
parameter is the yield stress (σp), which under uniaxial stress state is a function of the deformation (ε), strain 

rate ( ), the temperature (T) and the history of the deformation way. The values of the yield stress can be 
determined using methods such as: tension, compression and torsion tests [11-13]. In the case of a torsion 
test carried out at elevated temperatures it is possible to determine the yield stress indirectly, using the 
hypothesis of material effort. 

In hot plastometric studies [11,12], the formula (1) or (2) applies to the calculation of the max on the surface of 
the twisted sample: 
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                                                                                                                              (1) 
where:  

                                                                           (2) 

where: r - outer radius of the sample (r = d/2), m and n are the coefficients that take into account the velocity 
and the value of deformation depending on the material properties and the temperature of the tests. 

The basic advantages of the torsion test are: no friction, time stable stress state and the ability to achieve 
much larger deformations than in the compression or upsetting test [13]. An additional advantage of conducting 
a hot torsion test is such a selection of process conditions in which it is possible to obtain a constant 
deformation rate or a modeling of a complex deformation pattern including, for example, simultaneous torsion 
and compression [14]. Applicationability of the torsion plastomer tests is well founded, among other things, to 
analyze the behavior of the material during the complex plastic forming process. The application of a plastic 
deformation process involving several deformation stages or combining several deformation patterns affects 
the improvement of mechanical properties and the refinement of deformed material structure. The processes 
in which the material is subjected to high plastic deformation are the SPD (Severe Plastic Deformation) 
methods such as: high pressure torsion (HPT), equal channel angular pressing (ECAP), cyclic accumulative 
roll bonding (ARB) and plastic working methods such as: rolling of rods or tubes in a three-high skew rolling 
mill [14-17]. 

Designing of methods for obtaining finished products with appropriate level of properties using complex 
deformation states requires knowledge of the characteristic parameters and behavior of the structure during 
the deformation process. It is therefore essential to carry out a basic research in this area. 

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

The material used for the study was the 7075 series aluminum alloy in the T6 state. The chemical composition 
of the alloy is shown in Table 1. 

Table 1 Chemical composition of 7075 aluminum alloy (wt.%): 

Al Zn Mg Cu Fe Si Mn Cr Zr Ti others 

Rest 5.1-6.1 2.1-2.9 1.2-2.0 max. 0.50 max. 0.40 max. 0.30 0.18-0.28 max. 0.25 max. 0.20 max. 0.05 

The test procedure involved carrying out tensile, torsion and simultaneously torsional stretching tests. The 
examinations were made using STD 812 torsion plastometer. The examinations on the torsion plastometer 
were carried out at temperatures of 200 C, 300 C and 400 C for strain rates equal 1 s-1. The tests were 
made under the vacuum, at a constant deformation temperature of the sample and at a constant rate of 
deformation. An analysis of the material structure on the scanning microscope was also carried out using 
EBSD and EDX technique. Pre-trial verification was also made by rolling the rods from the 7075 aluminum 
alloy on a three high skew rolling mill. The process was performed at 400 C and the applied deformation factor 
was 1.4. The obtained product was analyzed by measuring the hardness on the cross-section and observation 
of the structure. 

3. EXPERIMENTAL RESULTS 

After making the experimental tests (tensile, torsion tests and simultaneous torsional stretching) collected data 
were analyzed. Figure 1a shows the work-hardening curves of the aluminum alloy tested during the tensile 
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test at different temperatures, while in Figure 1b, the work-hardening curves obtained in the torsion test are 
presented. Figure 2 shows the curves obtained during conducting the combined deformation process. 

  
Figure 1 Stress-strain dependence obtained in a) tensile test at a deformation rate of 1 s-1 and temperature 
of 200, 300 and 400 °C; b) torsion test at a deformation rate of 1 s-1 and temperature of 200, 300 and 400 °C 

The data analysis carried out showed that during the tensile test of 7075 aluminum alloy the highest yield 
stresses occurred at temperature of 200 °C. For these temperature-velocity conditions the limiting (critical) 
strain was 0.25. Analyzing the remaining curves shown in Figure 1a, it can be stated a significant influence of 
the temperature on reduction of the yield stress level and improving the plasticity of tested alloy. The limiting 
strain was about 0.37 at deformation temperature of 300 °C and 0.75 at the temperature of 400 °C. 

 
 

 

Figure 2 Stress-strain dependence obtained in combined torsional stretching test at a deformation rate  
of 1 s-1 and temperature of: a) 200 °C; b) 300 °C; c) 400 °C 
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Different character of the curves was observed during the non-free torsion test (Figure 1b). Analyzing the 
limiting strain of the alloy tested under these conditions it was found the beneficial influence of the change in 
the deformation pattern on the limiting strain value which was 1.7 (at temperature of 200 ºC), 4.75 (at 
temperature of 300 ºC) and 6.3 (at temperature of 400 ºC) at a slightly lower level of yield stress than obtained 
in tensile test. 

Introducing a complex deformation pattern by combining the tensile and torsion processes (Figure 2) resulted 
in decrease of a plasticity value that reached a level close to that obtained during the tensile tests (Figure 1a). 
The different nature of the curves  has also been observed, which influences changes in the material 
structure. Images obtained by scanning microscopy using EBSD technique depict maps of the crystallographic 
orientation of particular grains in microstructure of the alloy (Figure 3) for selected deformation variants. During 
deformation at 400 ºC, smaller grains were obtained. 

Using the combined deformation process, additional shear bands are shown in Figure 4. Conducting 
simultaneously the tensile and torsion tests strongly affects the nature of the structure observed inside the 
deformed material (Figure 4). 

For more detailed analysis of the influence of the phases present in the structure, an EDS analysis was 
performed to identify the chemical elements of the material under study. The result obtained for the deformation 
variant comprising a combined tensile and torsion test with a strain rate of 1 s-1 at temperature of 400 °C is 
shown in Figure 5. 

Conducted analysis showed the presence of Al3Fe, MgZn2 particles in the structure and also iron rich 
precipitates, which size and distribution influences the level of obtained mechanical properties. Large white 
particles (Figures 5 a, b) are particles of the Al3Fe intermetallic phase, while smaller ones are designated as 
Spot 3 (Figure 5d) which are MgZn2 particles in the aluminum matrix. 

Figure 3 Microstructure image of the alloy deformed in torsion test with the strain rate of 1 s-1 at the 
temperature of a) 200 ºC; b) 400 ºC 

a) b
) 
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Figure 4 Microstructure image of the alloy deformed in simultaneous tensile and torsion test with the strain 
rate of 1 s-1 at the temperature of a) 200 ºC; b) 400 ºC 

 
 

Element Weight 
% 

Atomic 
% 

F K 2.46 4.11 
MgK 0.61 0.79 

AlK 62.64 73.58 

SiK 4.19 4.73 

CrK 2.12 1.29 
MnK 2.24 1.29 
FeK 20.12 11.42 

CuK 4.03 2.01 

ZnK 1.59 0.77 

 Element Weight 
% 

Atomic 
% 

MgK 5.43 6.27 

AlK 79.04 82.29 

SiK 8.27 8.27 

CrK 0.19 0.1 
CuK 1.49 0.66 

ZnK 5.57 2.39 

 Element Weight 
% 

Atomic 
% 

F K 2.03 3.25 

MgK 1.26 1.58 

AlK 71.54 80.49 
SiK 2.75 2.97 

CrK 0.27 0.16 
MnK 0.98 0.54 

FeK 14.22 7.73 

CuK 4.2 2.01 

ZnK 2.74 1.27 

 

Figure 5 Analysis of aluminum alloy 7075 microstructure a) SEM image; b) EDS analysis results for 
Spot 1; c) EDS analysis results for Spot 2 d) EDS analysis results for Spot 3 

a) b) 

a) 

b) d) c) 
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For verification of combined tensile and torsion test, a preliminary laboratory test of the rolling of investigated 
alloy were made in a three high skew rolling mill. During the process of deformation under such conditions 
there is a complex deformation pattern. The tests showed that the material at investigated temperature and 
speed range deforms satisfactorily, as shown in Figure 6.  

 
Figure 6 Shape of the 7075 aluminum alloy bars obtained in three-high skew rolling mill 

The structural examinations of the obtained finished bars were carried out within the study. The specimens 
were taken in cross section of the rolled bars. As the rolling process may lead to the formation of an 
inhomogeneous structure on the finished product, the analysis of the microstructure of finished bars was made 
in the central zone bar and in the edge zone of rolled bars. The obtained image of the alloy microstructure on 
the cross-section of the deformed bar is shown in Figure 7. 

  
Figure 7 Structure of rod from 7075 alloy after rolling (from 26 mm to 22 mm) a) external layer of the rod;  

b) axis of the rod 

 

Figure 8 Hardness distribution of HV tested on bar cross section (half section) 

a) b) 
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Comparing the obtained images of the structures, it can be seen that the given strain did not result in 
homogeneous refining across the cross-section of the rolled rod. In the subsurface layer there are areas with 
finely divided grains, but larger grains are also visible, which is the result of the specificity of the rolling process 
in a three high skew rolling mill that manifests itself by appearing the relief on the surface of bars resulting from 
the rotation of the material during the rolling process. The microhardness tests conducted with the FM 700 
microhardness tester/Japan FutureTech (Figure 8) using a load of 300 g showed that the hardness of the 
material in the surface layer was higher then in the axis of the bar. Measurement of hardness was made on 
the cross section of the half rod. The change in hardness shown in Figure 8 is due to the different degree of 
grain fragmentation on the bar cross section during the rolling process. 

4. CONCLUSION 

This paper demonstrates the significant influence of the deformation path on the microstructure and the 
mechanical properties of the tested 7075 aluminum alloy. After the plasticity tests of the 7075 series aluminum 
alloy, it was found that the plastometric tests carried out showed the significant influence of the deformation 
scheme and temperature on the values of yield stress and the plasticity limit. The highest limiting strain value 
of 6.3 was obtained during the torsion test at temperature of 400 ºC and the strain rate of 1 s-1. Conducting 
simultaneously the tensile and torsion tests reduced the mechanical properties of the alloy. This is also 
reflected in the analysis of the microstructure, where shear bands can be observed. The rolling test carried out 
in a three high skew rolling mill gave a satisfactory result. Presented results of theoretical and experimental 
studies may be the basis for the development of the rolling technology of 7075 aluminum alloy in a three high 
skew rolling mill in the industrial scale. 
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Abstract   
This paper presents results concerning copper-zeolite composites fabricated by powder metallurgy. It focuses 
on the effect of zeolite particles on the properties of the sintered material as well as the quality of the bonding 
between the zeolite reinforcement and the copper matrix. Before the sintering process, the zeolite morphology 
and composition were characterised. The zeolite powder (0.0-0.2 mm fraction) used in the experiments was 
ground tuff rock extracted from the Kucin Quarry (VSK PRO-ZEO s.r.o.) in Slovakia. The as-delivered material 
was imaged and analysed using the SEM/EDS and XRD techniques. Before sintering, the powder mixtures 
were compacted on one side with a hydraulic press at a pressure of 400 MPa. The sintering process was 
carried out in a laboratory tube furnace at 950 °C under an atmosphere of dissociated ammonia. The sintering 
time was fixed at 60 minutes. The resulting agglomerates were measured for density, hardness, porosity. 
SEM/EDS analysis was employed to observe the microstructure and composition of the metallographic 
sections. The addition of zeolite powder to the copper matrix (5, 10 or 20% by weight) increased the porosity 
and hardness of the sintered material but decreased its density. 

Keywords: Metal composite, sintering, zeolite, copper, powder metallurgy 

1. INTRODUCTION 

Composites are a numerous and varied group of structural materials. Metal-matrix composites reinforced with 
ceramic particles seem to be some of the most interesting materials of this type. Recently, research has 
focused on developing novel composites with a metal matrix reinforced with ceramic particles that exhibit high 
hardness and good thermal conductivity. The addition of ceramic particles to a metal matrix results in higher 
compressive strength and higher resistance to abrasive wear [1]. 

The literature on the subject shows that only recently has some research been devoted to copper-matrix 
materials fabricated by sintering in which volcanic tuff is used as the reinforcement particles. The addition of 
volcanic tuff leads to a decrease in the density and porosity of the sintered compacts and an increase in their 
hardness [2-4]. Taking the above findings into consideration, the authors of this paper undertook research on 
the application potential of zeolite particles as the reinforcement phase in copper-matrix composites. There 
are not many publications on the physical and chemical properties of this mineral and its applications. 

Zeolites are a large group of natural hydrated aluminosilicate minerals varying in composition and properties. 
The most common are sodium and calcium aluminosilicates. The least frequent are barium, strontium, 
potassium, magnesium and manganese aluminosilicates. Zeolites were first described in 1756 by the Swedish 
mineralogist Axel Frederik Cronstedt [5-7]. Over millions of years, they were formed through high temperature 
and pressure during volcanic eruptions by the reaction of volcanic lava or ash with salty sea water. The reaction 
of volcanic ash with salts present in lakes resulted in the conversion of the ash into various aluminosilicates, 
with each group characterised by unique physical and chemical properties. The properties are due to a specific 
crystalline structure, i.e. the occurrence of isolated and/or connected voids with certain molecular dimensions. 
The basic units constituting the zeolite backbone are (SiO4)4- and (AlO4)5- tetrahedra bonded by means of 
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shared oxygen atoms. Some of the silicate atoms are replaced by (AlO4)5- aluminium atoms. In this way, a 
characteristic spatial structure with a large number of voids containing metal cations or water molecules is 
formed. The voids constitute 24-32% of the total volume. Zeolites are commonly used in a wide variety of 
applications, including ion exchange, catalysis, oil processing, construction, treatment of water or fumes, 
because of their unique properties, for instance, a crystalline structure, a negative charge of the lattice, easy 
exchange of valence lattice cations, a uniform size of micropores and thermal and hydrothermal stability [5].  

This study is focused on the fabrication of a copper-zeolite composite containing zeolite using powder 
metallurgy. The zeolite powder used in the tests was produced by VSK PRO-ZEO s.r.o from zeolite rocks 
extracted from the Kucin Quarry situated in Slovakia. The abundance and high purity of the mineral makes the 
deposit some of the best in the world. The rock extraction methods fully satisfy the requirements and 
regulations of today’s industry.  

The aim of this study was to fabricate copper-matrix composites with different amounts of zeolite, assess the 
quality of their bonding, determine the influence of the zeolite particles on the properties of the sintered 
compacts and, finally, analyse the application potentials of the materials. 

2. MATERIALS AND METHODS 

The study was conducted on electrolytic 99.9% Cu powder with particles varying in size (40-65 μm) combined 
with finely ground natural zeolite (0.0-0.2 mm fraction) from a deposit in Kucin, Eastern Slovakia.  

The shapes and arrangements of the powder particles used in the experiments are shown in Figure 1.  

a)  b)  

Figure 1 Images of the powders tested: a) electrolytic copper powder, b) zeolite powder 

Before the consolidation, the powders were observed and characterised using a JEOL JSM-7100F field 
emission scanning electron microscope fitted with OXFORD INSTRUMENTS EDS X-Max AZtec software for 
elemental microanalysis. The surface composition of the zeolite particles is illustrated in the X-ray diffraction 
pattern in Figure 2 and in Table 1. 

Table 1 Major elements found in the zeolite (wt.%) 

Al Si K Ca Fe Oxygen 

5-14  23-32  2-14  1-2.5  0.0-1.5  40-50  
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a) b)    

Figure 2 X-ray spectrum (a) obtained for the zeolite particles (b)  

Before the consolidation, the as-delivered zeolite material was tested by X-ray diffraction analysis. The phase 
composition of the zeolite was identified using the powder method, i.e. the Debye-Scherrer-Hull (DSH) method. 
The analysis was carried out by means of a Bruker D8 Discover diffractometer operating in Bragg-Brentano 
mode equipped with a CuKα radiation source, a Ni filter and a LYNXEYE_XE detector. The mineral 
composition was determined and calculated on the basis of the licensed databases by ICDD (International 
Centre for Diffraction Data), ICSD (Inorganic Crystal Structure Database) and NIST (National Institute of 
Standards and Technology).The data were registered and analysed using Bruker AXS DIFFRAC v.4.2 and 
TOPAS v.4.2 software. The phases of the as-delivered zeolite rock samples were identified using the X-ray 
diffraction (XRD) analysis, Table 2. 

Table 2 Phase composition of the as-delivered zeolite 

Phases  Percentage 
(%) 

Clinoptilolite-Ca (Na, K,Ca)(Al,Si)Si8O18∙7H2O 34 - 36 

Feldspars (potassium feldspar K[AlSi3O8] + plagioclase feldspars Na[AlSi3O8] (albite) - 
Ca[Al2Si2O8] (anorthite) 28 - 30 

Quartz (SiO2)  11 - 12 

Illite + muskovite KAl2[AlSi3O10(OH)2] 1 - 3 

Kaolinite Al4[Si4O10(OH)8] < 1 - 2 

Amorphous substance 20 - 21 

After the powders were characterised, powder mixtures containing 5, 10 or 20% of zeolite were prepared. The 
powders were dry mixed with a Turbula shaker-mixer for 60 minutes. The sintering process was preceded by 
single pressing with a hydraulic press at a compaction pressure of 400 MPa. The sintering was performed 
using a laboratory tube furnace at a temperature of 950 °C in a dissociated ammonia atmosphere. The sintering 
time was 60 minutes. Finally, the material was cooled in the furnace. The tests were conducted on cylindrical 
specimens with dimensions φ 20x10 mm. 

The crystalline phases obtained by XRD are illustrated in Figure 3.  

The sintered compacts were measured for density and hardness. The density was determined by weighing 
the specimens in air and water using WPA120 hydrostatic scales in accordance with the PN EN ISO 2738:2001 
standard. The hardness of the material was measured using the Brinell method (with a steel ball 5 mm in 
diameter at a load of 250 kg) in line with the PN EN ISO 6506-1:2014 standard. 
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Figure 3 X-ray diffractogram of the as-delivered zeolite rock 

The microstructure and porosity of the composites produced were observed and characterised using the 
Cavalieri-Hacquert method. The porosity of the samples was determined with NIS-Elements ver. 4.x software 
incorporated in the Nikon ECLIPSE MA200 using a quantitative analysis of the images obtained. 

The study involved determining the ratio of the sum of areas of the interparticle pores and the total surface 
area of the polished section. As the sample preparation procedure was difficult, it was essential to measure 
each sample several times. Three randomly selected areas of the polished surfaces were analysed. The 
regions of interest (ROIs) were defined in such a way as to enable binarisation and analysis of the porous 
areas while omitting potential artefacts. The results were averaged. The results of the density, hardness and 
porosity measurements performed to determine the microstructure of the sintered compacts are provided in 
Figures 4 and 5 and Table 3. 

a)  b)  c)   
Figure 4 Microstructures of the sintered compacts observed with a light microscope; results of the porosity 

measurements obtained for: a) Cu+5% zeolite, b) Cu+10% zeolite, c) Cu+20% zeolite  

a)  b)  c)  
Figure 5 Microstructures of the sintered compacts observed with a scanning electron microscope obtained 

for a) Cu+5% zeolite, b) Cu+10% zeolite, c) Cu+20% zeolite 
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Table 3 Results of the density, hardness and porosity measurements 

Material Density, (g/cm3)* Theoretical density, (g/cm3) 
Porosity, 

average value 
[%] 

HB 

Cu 7.65 ± 0.02 8.90 7.2 ± 1.5 37.14  1.5 

Cu + 5% zeolite 6.88 ± 0.04 8.60 11.4 ± 1.5 50.45  1.8 

Cu + 10% zeolite 6.27 ± 0.02 8.30 24.6 ± 1.8  51.16  1.4 

Cu + 20% zeolite 5.17 ± 0.03 7.70 50.2 ± 2.1 58.71  1.6 
* scatter intervals estimated at the 90% confidence level 

After the consolidation, the sintered compacts were crushed and the zeolite was removed for further analysis. 
An X-ray diffraction analysis was performed again to determine the phase composition of the zeolite after 
heating at a temperature of 950 °C. The analysis of the phase composition of the zeolite after heating showed 
the presence of 24-25% of quartz, 21-23% of potassium feldspars, 5-6% of cristobalite, 2-4% of mullite, <2 % 
of wustite and 43-44% of an amorphous substance. 

The crystalline phases can be seen in the diffractogram in Figure 6. 

 
Figure 6 X-ray diffractogram of the as-delivered zeolite rock after heating at 950 °C 

3. DISCUSSION  

From the morphology of the as-delivered zeolite rock it is clear that agglomerates of powder particles form in 
the material, Figure 5. The powders should thus be mixed long enough before sintering to break up the 
agglomerates and obtain a homogeneous mixture. 

The elemental analysis of the as-delivered zeolite shows that the main elements present in the zeolite are: 
aluminium, silicon, potassium, calcium and iron. The results confirmed that the rock studied was an 
aluminosilicate mineral. 

The mineral composition of the powder was analysed using the DSH method with a Bruker D8 Discover 
diffractometer operating in the Bragg-Brentano mode. The analysis revealed that the material contained  
34-36% of clinoptilolite, 28-30% of potassium feldspars, 11-12% of quartz, 1-3% of illite, less than 2% of 
caolinite and 20-21% of an amorphous substance. It can be concluded that a small amount of clinoptilolite 
present in the zeolite, which was contaminated during the rock grinding process, damages its structure. 
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The optimal parameters of the sintering process were selected on the basis of the authors‘ previous findings 
and similar data available in the literature. The decrease in density with increasing amount of zeolite was due 
to higher porosity of the sintered compacts. 

The hardness measurements revealed that the hardness of the sintered compacts could be improved by 
increasing the amount of zeolite. The addition of 10% by weight of zeolite improved the hardness of the 
composites by nearly 30%, which is a satisfactory result. 

Figure 4 shows the porosity of the sintered copper and zeolite compacts. The lowest porosity of approximately 
11% was reported for the copper composite embedded with 5% of zeolite. From the analysis of the total 
porosity of the material it is evident that the addition of zeolite particles contributed to higher porosity of the 
composites. 

The SEM microstructures of the metal-matrix composites with different amounts of zeolite are shown in 
Figure 5. The observations did not reveal any discontinuities at the boundary between the matrix phase and 
the zeolite particle phase. The bonding between the zeolite particles and the copper matrix was reported to be 
very good. No voids were present in the material. From the microimages it is apparent that the pores are typical 
of sintered metals. There was no diffusion of the elements present in the zeolite into the copper matrix. This 
finding is noteworthy because of the purity and electrical conductivity requirements specified for the copper 
matrix. 

4. CONCLUSION 

The following are conclusions drawn from this study: 
 Zeolite tuff powder dispersed into the metal matrix improves the hardness of the composite and reduces 

its porosity, it can be used as a reinforcing material.  
 The distribution of the embedded particles is uniform and the bonding between the reinforcement and 

the matrix is satisfactory.  
 The results of the microstructural analysis indicate that no discontinuities are present at the boundary 

between the matrix phase and the zeolite phase; in all the three cases studied, the bonding between 
the zeolite particles and the copper matrix is good.  

 Zeolite particles in the form of irregular precipitates are clearly visible on the polished surfaces. 
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Abstract 

In this work, plasma coatings of NiAl10 and NiAl40 on magnesium alloy AZ91 substrate were prepared by the 
hybrid plasma spraying system WSP®-H 500. The both plasma sprayed coatings of NiAl10 and NiAl40 have 
metallurgical bond. The thicknesses of microstructures in the cross-section of NiAl10 and NiAl40 plasma 
sprayed coatings prepared by 9 passes were 374 and 440 μm respectively. Adhesion test of plasma sprayed 
layers was performed using a modified ASTM C 633 standard. The tensile adhesion strength values are 24.7 
MPa for NiAl10 coatings and 12.3 MPa for NiAl40 coatings. Abrasion resistance according to Slurry Abrasion 
Response (SAR) test of NiAl40 layers had similar values (0.12 g/cm2)in a comparison with the uncoated AZ91 
(0.126 g/cm2). Layers NiAl10 had greater weight losses (0.175 g/cm2) than uncoated AZ91. Microhardness of 
plasma coating of NiAl40 is several times greater than microhardnesses of plasma coating of NiAl10 and 
uncoated substrate AZ91. 

Keywords: Plasma spraying, nickel alloys, adhesion strength, wear resistance 

1. INTRODUCTION 

Magnesium alloys belong to promising materials for light-weight applications in automotive and aerospace 
industries due to their high specific strength and stiffness [1]. Nevertheless, low corrosion resistance of 
magnesium and its alloys considerably limits theirs possible applications. Magnesium alloys are well known to 
undergo galvanic corrosion, which often results in serious pitting corrosion damage [2]. To solve this problem, 
magnesium and its alloys can be protected by surface layers that are more resistant to environment. From 
scientific publications, it is well known that there are many works focusing on the research of plasma sprayed 
metals coatings especially on magnesium and magnesium alloys [3]. Intermetallic Ni-Al based compounds 
belong to promising candidates as materials for high temperature applications [4] and also as protective layers 
due to their excellent combination of properties such as resistance to oxidation up to 1573 K, high thermal 
conductivity and high hardness while maintaining low density of 5.86 g∙cm-3 [4, 5]. However, the Ni-Al 
intermetallics are fragile and have low ductility at low temperatures, which may increase resistance to wear 
[6].Therefore, a lot of effort has been focused since now on preparation of Ni-Al based layers. The Ni-Al based 
protective layers are widely used in industry as bond-coats for thermal barrier coatings (TBC) [6, 7], but they 
are also used as top-coats which particularly improve resistance to abrasive wear, due to their high hardness 
[8]. In this work, plasma coatings of NiAl0 and NiAl40 alloys were prepared using the hybrid plasma spraying 
system WSP®-H 500. Prepared layers were observed by using the electron scanning microscope (SEM). 
Essential mechanical properties of the coatings, such as adhesive strength, microhardness and wear 
resistance were assessed. 

2. EXPERIMENTAL PART 

The NiAl10 and NiAl40 (wt.%) powders (both obtained from Foundry Mníšek p.B., Czech Republic) with 
powder particles diameter of 125 ± 45 μm and 315 ± 180 μm, respectively, were used as feedstock materials. 
Plasma coatings were prepared by means of a hybrid water-stabilised plasma torch WSP®-H 500 with power 
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up to 160 kW (processing parameters are shown in Table 1). The powder was injected into the plasma jet by 
a carrier gas consisting of Ar and of H2 (7 vol.%). Spraying distance of 350 mm was experimentally determined 
as distance where the powder was completely melted throughout, but it is not overheated or oxidized. In 
present work, the Ni-Al layers were prepared with nine passes over the substrate preheated to 250 ± 20 °C. 
Each pass represents one pass of plasma burner over the substrate by a robot moving with the speed of 300 
mm/s. Substrates with the dimensions of 70x20x5 mm3 were made from the AZ91 magnesium alloy (as-cast 
state), while its surface was grounded with an abrasive paper P-700 and degreased with acetone. Further, the 
plasma coated samples were cut into specimens for microstructure observations by a scanning electron 
microscope Carl Zeiss SMT, EVO MA15. The microstructures of plasma sprayed coatings in cross-section 
were mapped in the image analysis program (ImageJ) and the area fraction of porosity was calculated using 
the program. 

Table 1 Plasma spraying parameters 

Spraying parameters NiAl10, NiAl40 

Rate of powder feeding NiAl10 (g∙min-1) 120 

Rate of powder feeding NiAl40 (g∙min-1) 50 

Temperature of preheated substrate 250 ± 20 °C 

Spraying distance (mm) 350 

The Tensile Adhesion Tests (TAT) were performed using a modified ASTM C 633 standard. The cylindrical 
samples with diameter of 20 mm were machined from commercial magnesium alloy AZ91. Thickness of the 
deposited coatings was at least 350 µm in order to avoid penetration of the glue to the substrate. Low-carbon 
steel counterparts, adhesive epoxy glue and universal tensile tester Instron 1362 (UK) were used for evaluation 
of the sprayed coatings adhesion/cohesion strength which was determined as average value of at least two 
adhesion tests. Wear resistance of the samples was evaluated by Slurry Abrasion Response (SAR) test using 
the ASTM standard and force of 22 N applied at each sample [9]. The tests were performed in four increments 
(runs) with mass loss being measured after each run. After each run the specimens were ultrasonically 
cleaned, dried and weighted. The suspension used as abrasive medium consisted of 150 g of organic oil and 
of 150 g of alumina powder having average powder particles size ranging from 40 to 50 µm. It should be noted 
that the accuracy of the measurement reaches typically ± 5 % [9]. Microhardness was measured using 
Hanemann microhardness tester (Zeiss, Germany) equipped with Vickers indenter mounted on the optical 
microscope with fixed load of 1 N. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

The SEM micrographs displaying the morphology of the NiAl10 and NiAl40 powders used as feedstock for the 
plasma spraying are shown in Figure 1. Particles of the NiAl10 powder were mostly irregular showing traces 
of circular or rather elliptic shapes with rough surface. On the other hand, the NiAl40 powder contained irregular 
particles with smooth surface. 

The SEM micrographs showing the morphology of the prepared coatings made from NiAl10 and NiAl40 are 
shown in Figure 2. One can see that the surfaces were characterized by high porosity and by presence of 
classic splats mainly irregular in shape. The NiAl10 coating contained aluminium oxides, which manifested 
themselves as dark splats. The NiAl40 coating, which was made from much coarser powder particles, 
contained larger splats and also some sharp-edged particles that were only partially melted as is clearly visible 
in Figure 2. The cross-section microstructures of NiAl10 and NiAl40 plasma coatings prepared by nine passes 
of plasma torch over the AZ91 substrate are shown in Figures 3 and 4. Present plasma coatings were 
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inhomogeneous with certain porosity and contained splats, not melted rounded particles and splats made from 
oxides. The average plasma coating thickness for each used materials are shown in Table 2. 

  

Figure 1 Feedstock powders, NiAl10, Fraction 
- 25 +45 µm, NiAl40, Fraction - 180 +100 µm 

Figure 2 Free-surface of the NiAl10 and 
NiAl40 coating 

  

Figure 3 Microstructure on the cross-section of the 
NiAl10 plasma coating on magnesium alloy after 9 

passes 

Figure 4 Microstructure on the cross-section of 
the NiAl40 plasma coating on magnesium alloy 

after 9 passes 

Table 2 The average thickness of plasma sprayed coatings made from NiAl10 and NiAl40 with average  
   values of porosity 

Material thickness (µm) area porosity (%) 

NiAl10 374 ± 26 21.6 ± 3.8 

NiAl40 440 ± 48 17.1 ± 2.5 

3.2. Adhesion strength of prepared coatings 

The tensile adhesion strength values for the NiAl10 and NiAl40 coatings sprayed on at 250 ± 20 °C preheated 
magnesium alloy were 24.7 ± 0.5 MPa and 12.3 ± 0.94 MPa, respectively. The adhesion strength results of 
the NiAl10 coating were comparable to the values published by Parco et al. [10] who studied the influence of 
chosen preparation conditions of the AZ91 alloy substrate on adhesion strength of plasma coatings made of 
Al, NiAl5 and Al2O3. They observed significant difference of the adhesion strength of prepared NiAl5 coats 
regarding the previous preheating the AZ91 alloy. It was clearly shown, that the polished and preheated alloy 
at 160 °C reached adhesion strength of 25 MPa, a value similar to that observed in our case, while without 
preheating it reduces only to 17 MPa [6]. The fracture surfaces of both the prepared plasma coatings after the 
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TAT tests were observed by the electron scanning microscopy as is shown in Figures 5, 6. The morphology 
of the NiAl10 plasma coating with detail of the fracture surface is shown in Figure 5. Places, where the NiAl10 
coating ruptured (cohesive damage of splats) showing individual splats are marked with arrow. Additionally, 
the NiAl40 plasma coating showed as well poor adhesion to the substrate as can be observed in Figure 6. 
The fracture surface contained original grinding surface of the AZ91 substrate which lacks any evidence of 
partial melting (pointed with arrow). More importantly, evidences of brittle fracture across the splats are shown 
and pointed with arrows. These findings can explain why the value of adhesive strength of plasma sprayed 
NiAl40 coating was half the adhesive strength of plasma sprayed NiAl10 coating. 

  

Figure 5 Microstructure of the NiAl10 plasma 
sprayed coating after TAT test 

Figure 6 Microstructure of the NiAl40 plasma sprayed 
coating after TAT test 

3.3. Wear resistance 

The results of the wear resistance measurements, namely the dependence of mass losses on path lengths of 
576, 1152, 1728 and 2304 m, are shown in Figure 7. Present results show that weight losses are linear for 
both the investigated plasma sprayed coatings as well as for uncoated AZ91. Weight losses are greater in 
case of plasma coating of NiAl10 0.52 g∙cm-2, compared with uncoated AZ91 0.30 g∙cm-2, and also with plasma 
coating of NiAl40 0.36 g∙cm-2. The test conditions are relatively aggressive and the substrate material bulk has 
favourable pore-free and homogeneous microstructure. This is the cause of its best result.  

 
Figure 7 The SAR test results displaying the weight loss depending on wear distance 
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After the SAR tests, the microstructure of the samples was observed by an electron scanning microscope as 
is shown in Figure 8. One can see that microstructure of the uncoated AZ91 alloy contained intermetallic 
Al12Mg17 phases which influence on the wear resistance is negligible.  

 

Figure 8 Free-surface of samples after measurement of abrasion resistance showing the uncoated AZ91 
alloy and plasma sprayed NiAl10 and NiAl40 coatings 

More importantly, the surface contained long parallel scratches over the entire surface area. In comparison, 
the surfaces of plasma coatings made of NiAl10 and NiAl40 were porous which increased the total weight loss 
during the SAR test. The plasma sprayed NiAl40 coating showed presence of heterogeneous structures with 
presence of different Ni-Al based intermetallic phases. However, regarding the previous results, no traces of 
tearing the individual splats or whole parts of the coating suggesting consistent abrasion throughout the entire 
plasma sprayed coatings was observed (see Figure 8). 

3.4. Microhardness 

The microhardness of prepared samples was measured on the metallographical cross sections throughout the 
entire layer and its average values are shown in Table 3. The highest average hardness of plasma sprayed 
NiAl10 coating was 149 HVm, which is similar to the value published by Hsiao [11] who prepared NiAl5 plasma 
coatings with hardness in the range of 160 - 210 HV300. On the other hand, the plasma sprayed NiAl40 coating 
showed presence of two different intermetallic phases which presence resulted in ultra-high hardness varying 
between 495 and 947 HVm. Microhardness of plasma coating of NiAl40 was several times higher than the of 
NiAl10 coating. Nevertheless, such ultra-high hardness did not improve the wear resistance mainly due to the 
presence higher porosity of the NiAl40 coating.  

Table 3 Microhardness of the plasma-sprayed coatings and of uncoated AZ91 alloy 

Sample HVm 

uncoated AZ91 120 ± 42 

NiAl10 coating 149 ± 31 

NiAl40 coating 495 ± 146 / 947 ± 156 
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4. CONCLUSIONS 

In this work, plasma sprayed coatings of NiAl10 and NiAl40 were prepared on magnesium alloy AZ91 by hybrid 
water-stabilized plasma torch WSP®-H 500. The plasma sprayed coatings of NiAl10 is very inhomogeneous 
formed by metal and Al2O3 splats, unmelted spherical particles. The plasma sprayed coatings of NiAl40 
contains spherical particles, splats with different content of nickel and aluminium and Al2O3 splats. The tensile 
adhesion strength values are 24.7 MPa for NiAl10 coatings and 12.3 MPa for NiAl40 coatings. In the case of 
plasma coatings NiAl10 there is a cohesive damage of layers and individual splats peel off. In the case of 
plasma coatings NiAl40 an adhesion layer damage is observed, and brittle fracture across splats as well. The 
test of abrasion resistance have shown that NiAl40 layers have similar values 0.120 g/cm2 in compared to 
uncoated AZ91 0.126 g/cm2. Layers NiAl10 have value of weight losses 0.175 g/cm2. Microhardness of plasma 
coating of NiAl40 is 495 /947 HVm for a bimodal structure and microhardness of plasma coating of NiAl10 
have values of 149 HVm and compare well with uncoated substrate AZ91 120 HVm. 
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Abstract 

The AZ91/AlSi17 bimetallic samples were formed using the compound casting method. The AZ91 magnesium 
alloy was top-poured onto an AlSi17 aluminum alloy insert placed in a steel mould. Two types of AlSi17 inserts, 
differing in microstructure, were used in this study. The insert cut from an AlSi17 alloy ingot had a 
microstructure with irregularly shaped and unevenly distributed, large primary Si particles. The AlSi17 alloy 
was cast in a cold steel mould to refine the primary Si particles. In the other insert, cut from rapidly solidified 
AlSi17 alloy, the fine primary Si particles were homogenously distributed in the matrix. The experiments 
revealed that the microstructure of the AZ91/AlSi17 bonding zone was dependent on the microstructure of the 
inserts used. Applying an insert with coarse primary Si crystals led to the formation of a bonding zone 
composed of intermetallic phases and not fully reacted Si particles. The Si particles were too large to be 
consumed in the reaction with Mg during compound casting and fully transformed to Mg2Si. The use of an 
insert with a refined microstructure resulted in a bonding zone with fully reacted Si crystals. In this case, a 
eutectic (Mg17Al12 + a solid solution of Al in Mg) was observed in the bonding zone on the AZ91 side. The 
bonding zone close to AlSi17 alloy was composed of Mg2Si particles uniformly distributed in the Al-Mg 
intermetallic phase matrix. 

Keywords: Mg alloy, Al alloy, compound casting, intermetallic phases, bonding zone, microstructure 

1. INTRODUCTION 

In many manufacturing industries, especially the automotive and aerospace sectors, there has been an 
increased interest in the use of magnesium and aluminum alloys because of their low density. Some of the 
current research in materials science is concerned with the production of bimetals and clad alloys. 

Magnesium and aluminum bimetals can be fabricated using various methods such as welding [1], brazing [2], 
hot rolling [3, 4], friction stir welding [5], explosive cladding [6] and compound casting [7-13]. 

Compound casting is a very economical process of joining two dissimilar materials. It involves casting a liquid 
metal onto a solid. The literature data show that compound casting can be used to produce joints between: 
steel and cast iron [14-16], steel and Al [17], and Al and Cu [18]. This method is also employed to join light 
metals, i.e. Al and Mg [7-10], two dissimilar magnesium alloys [11] and two dissimilar aluminum alloys [12, 13]. 

This study focused on the effects of the refinement of primary Si particles in AlSi17 alloy on the microstructure 
and composition of the bonding zone formed between AZ91 and AlSi17 by compound casting. 

2. EXPERIMENTAL DETAILS 

Two types of AlSi17 aluminum alloy inserts differing in microstructure were used in the experiments. One was 
obtained from an unmodified AlSi17 ingot. The other was prepared by refinement, which involved heating the 
material to 720 °C, keeping it at that temperature for 30 min and pouring it into a cold steel mould. The inserts 
were 30 mm in diameter and 5 mm in thickness. The insert surfaces were prepared by grinding with up to 800 
grit SiC papers and cleaning with ethanol. Then, the aluminum insert was placed at the bottom of a metal 
mould to be heated to 370 °C. The AZ91 magnesium alloy was used as the cast material. The melting was 
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performed in the argon atmosphere. 100 g of AZ91 heated to 650 °C was top-poured onto the AlSi17 insert 
placed in the steel mould under normal atmospheric conditions. After cooling to room temperature, the 
AZ91/AlSi17 bimetallic casting was removed, cross-sectioned and prepared for metallographic observations. 
The final polishing was performed on a STRUERS automatic polishing machine, using colloidal silica. 

The metallographic observations were carried out using a Nikon ECLIPSE MA 200 optical microscope and a 
JEOL JSM-5400 scanning electron microscope. The chemical composition was examined with an energy 
dispersive x-ray spectrometer (EDS). 

3. RESULTS AND DISCUSSION 

Figure 1a presents the microstructure of the AlSi17 insert cut from the unrefined AlSi17 ingot. The coarse, 
primary Si crystals were non-uniformly distributed in the matrix. The AlSi17 alloy poured to a cold steel mould 
exhibited a refined structure (Figure 1b) with primary Si crystals finer and more uniformly distributed in the 
matrix. 

          

Figure 1 Microstructures of the AlSi17 inserts: (a) cut from the AlSi17 ingot, (b) cut from the rapidly solidified 
AlSi17 alloy 

           

Figure 2 Microstructures of the bonding zone between the AZ91 and the unrefinedAlSi17: (a) lower 
magnification, (b) higher magnification 

A micrograph of the bonding zone between the AZ91 and the unrefined AlSi17 is shown in Figure 2a. The 
results indicate that during the compound casting process, a continuous, defect-free bonding zone was formed 
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at the AZ91/AlSi17 interface. Figure 2b shows the microstructure of the bonding zone in the AZ91/AlSi17 
bimetallic sample, observed at a higher magnification. The primary Si particles are visible in the AlSi17 alloy 
and in the bonding zone. The Si particles present in the bonding zone are surrounded by a dark rim. The 
results of the EDS quantitative analysis of this bonding zone were provided in the earlier publications of the 
authors [7, 8]. 

The analysis of the bonding zone on the AZ91 side (Figure 3a) indicated a eutectic composed of the Mg17Al12 
intermetallic phase (light phase) and a solid solution of Al in Mg (dark phase). Light Mg17Al12 dendrites were 
observed below the eutectic. The bonding zone close to the AlSi17 alloy (Figure 3b) had a different 
microstructure. The primary Si grains present in the bonding zone were surrounded by a dark rim of the Mg2Si 
phase. The fine, dark particles of the Mg2Si phase were also observed in the light matrix of the bonding zone. 
The chemical composition of the light matrix was close to the Al3Mg2 intermetallic phase. The casting of the 
AZ91 alloy onto the AlSi17 insert led to the occurrence of the diffusion processes at the interface. The primary 
Si crystals and the eutectic Si particles in the AlSi17 alloy reacted with Mg, which led to the decomposition of 
the Si grains and the formation of the Mg2Si phase. The primary Si particles in the unrefined AlSi17 alloy were 
too large to be fully consumed in the reaction with Mg and transformed to the Mg2Si phase during compound 
casting. Thus, large not fully reacted Si particles observed in the bonding zone were surrounded by an Mg2Si 
phase rim. 

  

Figure 3 Details of the microstructure of the bonding zone between the AZ91 and the unrefined AlSi17 
observed by SEM: (a) AZ91 side, (b) AlSi17 side 

The microstructure of the bonding zone formed between the AZ91 alloy and the AlSi17 insert with a refined 
microstructure is shown in Figure 4. As can be seen, this microstructure of this bonding zone is more 
homogenous than that discussed above. The primary Si crystals in the thermally modified AlSi17 alloy are fine. 
During the compound casting process, the reaction at the AZ91/AlSi17 interface led to complete transformation 
of the fine primary Si particles into the Mg2Si phase. Only locally were agglomerates of Mg2Si particles 
observed. 

The AZ91/AlSi17 bonding zone with a homogenous microstructure on the AlSi17 side (the fine Mg2Si particles 
uniformly distributed in the Al-Mg intermetallic phase matrix) is likely to have mechanical properties better than 
the bonding zone with unreacted, large primary Si crystals. Further research is required to study the impact of 
the refinement of the primary Si particles in the AlSi17 alloy on the mechanical properties of the bonding zone 
formed between AZ91 and AlSi17 during the compound casting process. 
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Figure 4 Microstructure of the bonding zone formed between the AZ91 and the insert cut from rapidly 
solidified AlSi17 alloy, (a) lower magnification, (b) higher magnification 

4. CONCLUSION 

The microstructure of the AlSi17 alloy used as the insert material in the compound casting process was 
modified by rapid solidification. The refinement of the primary Si particles in the AlSi17 alloy led to the formation 
of a more homogenous bonding zone at the AZ91/AlSi17 interface. The bonding zone formed between the 
unmodified AlSi17 alloy and the AZ91 alloy was characterized by not fully reacted, large primary Si crystals. 
These particles were surrounded by a rim of the Mg2Si phase, synthesized by the reaction of Mg with the Si 
particles. The use of the thermally modified AlSi17 alloy as the insert material resulted in the formation of a 
bonding zone with uniformly distributed Mg2Si particles and without unreacted Si particles. 
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Abstract 

Magnesium and calcium phosphates composites are promising biomaterials to create biodegradable load-
bearing implants for bone regeneration. The present investigation is focused on the design of an 
interpenetrated magnesium - tricalcium phosphate (Mg-TCP) composite. In this study, TCP preforms were 3D-
printed with a tip of 250 µm in aperture. Final preforms with parallel grids and internal pores of 150, 350, 500 
and 1000 µm were obtained and sintered at 1100 °C for 5h. Later, the infiltration with commercial pure Mg was 
performed using a novel Current Assisted Metal Infiltration (CAMI) technique, which allows an effective and 
fast infiltration of brittle ceramic preforms with molten metal. Fast melting and final solidification of the Mg-TCP 
composite were achieved with the assistance of a pulsed electrical current as heating resource. The effect of 
pore size on the infiltration was analysed by X-ray computed microtomography (μCT). Virtual tomographic 
reconstructions were used to observe the components distribution and the remaining porosity of the composite 
after the infiltration. Results show a good penetration of the metal into the TCP preforms. Nevertheless, fracture 
of some TCP structures after the infiltration was observed, mainly in the preforms with a pore size of 150 µm. 
Some porosity after infiltration was registered, however, it does not exceed 5 % of the total volume of the 
specimen. 

Keywords: Magnesium, tricalcium phosphate, current assisted metal infiltration, micro-computed  
         tomography 

1. INTRODUCTION 

With the development of functional composites for the use in different areas of the science and technology, 
the necessity of novel processing techniques for their manufacture is constantly rising. Conventional methods 
of manufacture of metal-ceramic composites include such methods, as powder processing through chemical 
reactions, mechanical mixing of the components [1-3], or conventional infiltration process based on filling the 
existing open porosity of a structure (preform) with a second material, usually a molten metal [3, 4]. In contrast 
to them, with the development of the additive manufacturing techniques [5, 6], controlled pattern preforms with 
a homogenous distribution and equal size of pores can be obtained and later infiltrated with a second phase 
to get an interconnected composite with a controlled distribution of the phases [3, 6]. For the infiltration, there 
are several approaches nowadays, and among them, the Current Assisted Metal Infiltration (CAMI) is of 
greatest interest since it allows molten metal infiltration with the help of electric current as a heating resource 
[7]. 

Furthermore, characterisation of the obtained interpenetrated composites could represent a challenging issue, 
however, with the development of new techniques like X-ray computed microtomography (CT), the analysis 
of the infiltration degree of the materials can be carried out without damaging the material. CT allows getting 
phase distribution of the components [8], making easier the chemical and microstructural characterisation of 
composites with further simulation of their mechanical properties.  
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In biomaterials, functional composites are of great interest for tissue regeneration [9]. Currently, calcium 
phosphates porous scaffolds made of tricalcium phosphate (TCP) are studied and used in orthopaedic 
applications due to their similar chemical composition to the mineral phase of the bone that gives them a good 
osseointegration [10]. Infiltration of calcium phosphate preforms with non-toxic metal represents a novel 
alternative to increase the mechanical properties of such structures and to create a new generation of 
functional biomaterials. Magnesium (Mg) and its alloys are excellent candidates for the elaboration of functional 
composites with calcium phosphates, due to proper biodegradability and mechanical properties close to certain 
kind of bones in the human body [11].  

Therefore, the main purpose of this research was the development and processing of functionally 
interpenetrated β-TCP - Mg composite, and its characterization using µCT for 3D imaging reconstruction. The 
β-TCP - Mg composite was produced using initial robocasting of grid-like cylindrical preforms with a different 
internal macro-pore size, which was followed by the infiltration of sintered preforms with a commercial Mg 
powder by means of CAMI technique. A special focus was put on the assessment of the effect of the pore size 
on the infiltration degree and the analysis of the integrity of ceramic preforms in the infiltrated composite by 
means of μCT.  

2. MATERIALS AND METHODS 

2.1. Robocasting of -TCP paste 

In order to produce an injectable paste, commercial -TCP powder (VWR Chemicals, Belgium) and 30 wt. % 
Pluronic F 127 (Sigma Aldrich, Germany) solution in distilled water were homogeneously mixed at a ratio of 
0.6 (grams of powder per millilitre of pluronic solution) to make a paste able to pass through a tip with an 
aperture of 250 m. Following robocasting of the paste using a direct ink writing system (Optimum® syringe 
barrels, Nordson EFD) was performed in order to build porous cylindrical preforms with the outward size of 7.5 
mm in diameter and 15 mm in height (see Figure 1a). The porous structure of the preforms followed an 
orthogonal filling, doing a parallel grid in each circular layer of the cylinder, and varied in the pore size, i.e., 
150, 350, 500 and 1000 m. The robocasting was accomplished at room temperature at a speed of 8 mm/min. 
Later, the robocast preforms were dried at room temperature for 24 hours and after then, sintered at 1100 °C 
for 5 hours using a furnace (LH30/13, LAC, Czech Republic) to get the consolidation of the preform 
(Figure 1b). 

2.2. Current Assisted Metal Infiltration, CAMI 

Current assisted metal infiltration and consolidation of -TCP - Mg specimens were conducted in a one-step 
process using a commercial SPS apparatus (Dr. Sinter 1050, Japan) with a special graphite mould designed 
for the infiltration, which consisted of two cylindrical chambers connected together by a reduced area (see 
Figure 1c). Prior to the infiltration procedure, 5 grams of pure pre-compacted Mg powder (Riedel de Haen 
S030195, Germany) were put into the upper chamber of 20 mm in diameter and of 20 mm in height, while the 
robocast -TCP preform was placed into the lower chamber of the mould with a diameter of 10 mm and 20 
mm in height. The mould was set inside the SPS machine, and the CAMI procedure was carried out at 670 °C 
in order to ensure the melting of magnesium (Tm = 650 °C) and to improve the fluidity of liquid Mg to infiltrate 
the porosity of the preform. A heating rate of 100 °C·min-1 was used to reach the infiltration temperature, at 
which the dwelling of 1 minute was maintained. A load of 1 kN (3.2 MPa) was applied to close the electric 
circuit. This load was borne by the Mg pellet and not by the ceramic preform due to the section with the reduced 
area and localisation of the preform inside the graphite mould. The infiltrated cylindrical samples had the 
dimensions of 10 mm in diameter and a variable height of around 20 mm.  



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1671 

2.3. 3D imaging reconstruction and microstructural characterisation  

The volume of each of the phases, their distribution and the remaining porosity in the infiltrated -TCP - Mg 
composite were analysed using 3D imaging reconstruction by micro-computed tomography (CT) instrument 
(GE phoenix v|tome|x L 240) and VG Studio MAX 2.2.6 software. The analysed area delimited by the β-TCP 
preform was presented inside of the Mg screw-like sample (see Figure 1d), which was obtained after the 
CAMI. The degree of infiltration was calculated and expressed in percentage by means of the porosity volume 
before and after infiltration. The initial porosity in the preforms was assumed as the 100 % volume to be 
infiltrated and the remaining porosity after the infiltration was set as the lacking percentage to reach the full 
infiltration. The imaging reconstruction was supported with the microstructural and chemical analysis using 
scanning electron microscopy (SEM, LYRA3 XMU, TESCAN) and X-ray diffraction analysis (XRD, Rigaku 
SmartLab 3kW) on the samples, which were longitudinally cut and successfully polished with P800-P2000 grit 
SiC papers and 1-m diamond suspension. 

 
Figure 1 Methodology process for production of -TCP - Mg composite. a) the appearance of the 

robocasting process of a cylindrical preform carried out using the computer model (presented in the left 
upper corner), b) sintered preform with a 150-m-pore size, c) mould design and arrangement for CAMI 

process, and d) screw-like -TCP - Mg composite obtained by CAMI  

3. RESULTS AND DISCUSSIONS 

Figure 2a shows typical appearance of the printed and sintered preforms with a pore size of 150 m. After 
sintering, -TCP strands presented a characteristic microstructure for tricalcium phosphates (Figure 2b). SEM 
examinations of the scaffold surface revealed homogeneously distributed micropores with an average size 
below 5 m in all the scaffolds (Figure 2c). 

 

Figure 2 a) Typical appearance of a -TCP preform with a 150-m-pore size (light microscopy), 
b) representative microstructure of the sintered -TCP strands, and d) detailed micrograph of the 

microporosity in the -TCP strands of the robocast preforms. 
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Typical imaging reconstruction analysis of the quality of the infiltration in the interconnected -TCP - Mg 
preforms by means of CT shows the differentiation of the coexisting phases in the composite, where the 
metallic (Mg), ceramic phase (-TCP), and the remaining porosity (locked air) were identified (Figure 3) and 
coloured in green, yellow and blue colours, respectively. Moreover, CT technique also allows to obtain the 
longitudinal and transversal cuts of the 3D-computed reconstructions, where the effect of inner stresses 
generated during the infiltration process on the integrity of the ceramic preform could be analysed (Figure 3). 

 

Figure 3 3D imaging reconstruction and phase differentiation for the infiltrated -TCP - Mg composite 
obtained using a β-TCP preform with 500-m-pore size 

Analysis of the porosity shows that the larger the pore size, the better infiltration of the ceramic preforms 
together with a better preservation of the β-TCP preform shape. Samples with a pore size of 1000 μm 
presented the highest infiltration degree with a 97.5 % of infiltrated volume, followed by the scaffolds with 500-
μm pores (96.3%). Higher remaining porosity was found in the samples with a pore size of 350 μm and 150 
μm, exhibiting an average value of infiltration degree of 95.6 and 95.5 %, respectively (Figure 4). 

 

Figure 4 Average infiltration degree in the β-TCP - Mg composite depending on the pore-size of the initial 
preforms 

The occurrence of the porosity during the infiltration can be connected with the difficulty of the molten Mg to 
penetrate and fulfil the pores of the ceramic preforms, which may also lead to their partial destruction if the 
molten metal exerts too high pressure to the β-TCP bodies. Figure 5 shows the computed reconstruction and 
separation of the phases for one characteristic sample of each pore size in the ceramic preforms. Also, Figure 
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5 presents one longitudinal cut for each sample, where a clear evidence of the effect of the pore size in the 
restriction of the infiltration by the Mg is observed. Samples with a small pore size, i.e., 150 and 350 μm, tend 
to have more porosity after CAMI, which can be linked to a higher resistance for molten Mg to penetrate the 
pores. Therefore, they present higher tendency to lose the integrity of the porous preforms and to get destroyed 
during the infiltration in comparison with the preforms with a pore size of 500 and 1000 μm, where the initial 
structure is generally preserved in all the samples and the degree of infiltration is higher. 

 

Figure 5 μCT reconstruction of Mg-infiltrated β-TCP preforms with different pore size 

Finally, the results of the microstructural characterisation of the β-TCP - Mg composite are presented in Figure 
6. X-ray diffraction analysis of the composites determined the occurrence of a chemical reaction between the 
β-TCP and Mg, leading to the formation of intermetallic compound characterised as CaMg2 (reach in Mg). This 
phase is commonly precipitated in the Ca-Mg system [12]. While the ceramic phase remained chemically as 
β-TCP, the presence of magnesium oxide was registered, even though the infiltration by means of CAMI is 
performed under vacuum (Figure 6a).    

 

Figure 6 a) Representative X-ray diffraction pattern of the β-TCP - Mg composite obtained by CAMI, b) SEM 
micrograph of the composite microstructure, and c) the detailed view of the β-TCP - Mg interface 
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Figure 6b shows an overall view of the microstructure of the β-TCP - Mg composite. Some of the β-TCP 
strands, observed in the way of islets, are labelled in the picture and recognised by the light grey phase in the 
micrograph, meanwhile, the metallic Mg phase is surrounding the ceramic islets. A detailed view of the β-TCP 
- Mg interface is showed in Figure 6c, the presence of the intermetallic CaMg2 phase is indicated. The 
observed porosity is attributed to delamination of the CaMg2 phase during the metallographic preparation. An 
important fact that can be clearly detected in this micrograph is the presence of Mg in the micropores of the β-
TCP strands, which were previously showed in the microstructure of the ceramic preforms (Figure 2c).  

4. CONCLUSION 

In the present study the interconnected -TCP - Mg composites were successfully obtained by using the novel 
current assisted metal infiltration (CAMI) technique, which represents a prospective technology to infiltrate 
porous ceramic preforms. The pore size and the microstructure of the preforms play an important role in the 
infiltration process and the final microstructure of the composite. -TCP porous preforms with the pore size 
larger than 350 m did not perform high resistance against the infiltration by molten Mg, nevertheless, due to 
the chemical compatibility between the components, it is possible to fill some micro-porosity around the 5-m 
size.  

CT is a novel technique for the characterisation and differentiation of phases in interconnected composites. 
The calculation of the volume of the analysed area allows to determine the percentage of phases, therefore, 
in infiltration process, the degree of the penetration of a phase into another can be easily measured. From the 
obtained results, CAMI allows a decent infiltration for a wide range of pore sizes with the infiltration degree 
above the 95% for all composites studied. 
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Abstract  

The microstructural stability of fully lamellar γ-TiAl alloy was studied under thermal exposure at 750, 850 and 
950 °C for 3400 h. The microstructure analysis shows that the most dominant change in the microstructure 
was that the α2 lamellae thinned gradually and thinning was more pronounced with increasing temperature 
and with increasing time. Formation of recrystallized γ grains and Ti2AlC carbides were also observed 
especially during the temperature 850 and 950 °C after prolonged heat treatment. The effect of microstructural 
changes during the thermal exposure on mechanical properties was evaluated and discussed. 

Keywords: Titanium aluminides, thermal stability, microstructure, carbides 

1. INTRODUCTION 

Titanium aluminides based on γ-TiAl have been implemented for application as turbine blades and 
turbocharger wheels in high-performance combustion engines due to their low density combined with 
enhanced high-temperature strength and creep resistivity up to 750 °C as well as their good oxidation behavior 
[1]. Depending on the alloy composition and processing parameters, various microstructures can be obtained 
in this group of alloys. It is now well-estabilished that γ-TiAl alloys with a fully lamellar microstructure have far 
superior creep properties than duplex and near-γ microstructures [2]. However, their creep resistance at higher 
temperatures (above 800 °C) does not fulfil requirements of designers which hinders their some perspective 
applications. One of the possibilities to increase the resistance at these temperatures is alloying with higher 
amounts of heavy metals (W, Mo, Ta, Nb), which are characterized by high temperature resistance and in γ-
TiAl alloys cause solid solution hardening [3-6]. A further step to improve the high temperature capability of 
advanced intermetallic γ-TiAl based alloys is alloying with carbon. Thereby, C can act as an efficient solid 
solution strengthener or form needle-shaped precipitates in the γ-phase [7, 8]. In spite of the previous studies 
which dealt with precipitation of carbides in γ-TiAl alloys [7-10], information about microstructural stability of 
carbon added alloys at higher temperatures and longer times is still lacking in the literature. Therefore, the aim 
of this article is to study long-term microstructural stability of the Ti-45Al-5Nb-0.2B-0.75C (at.%) alloy and effect 
of microstructural changes on mechanical properties during long-term ageing at temperatures 750, 850 and 
950 °C was evaluated and discussed.  

2. EXPERIMENT  

The selected alloy was produced with using of a medium frequency vacuum induction melting furnace 
Supercast-titan. As charge were used pure metals (4N) and Nb-Al master alloy, which preparation, chemical 
composition and melting temperature were described elsewhere [11]. The as-cast cylindrical bars with a 
diameter of 20 mm and length of 225 mm were subjected to a hot isostatic pressing (HIP) at an applied 
pressure of 180 MPa and temperature of 1270 °C for 4 h in order to eliminate casting porosity. A fully lamellar 
γ(TiAl)/α2(Ti3Al) microstructure of the bar was produced by heat treatment consisting of solution annealing and 
cooling to room temperature. The solid solution annealing was performed in a single α phase (Ti-based solid 
solution with hexagonal crystal structure) field at 1360 °C for 1 h followed by cooling at a constant cooling rate 
of 20 °C/min to 850 °C under argon atmosphere. The heat treatment was accomplished by the cooling to room 
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temperature in air. After the heat treatment, the bar was cut by electro spark machining into small pieces with 
a diameter of 20 mm and length of 12 mm. The ageing experiments were performed at three temperatures of 
750, 850 and 950 °C up to 3400 h in resistance tube furnaces with static argon atmosphere. The samples 
were observed by optical microscopy on the microscope Olympus GX51 equipped with digital camera Olympus 
DP12 (OM), scanning electron microscopy in the mode of back-scattered electrons (BSEM) using microscopes 
QUANTA FEG 450 and JSM-7600F equipped with an energy dispersive spectrometer (EDS) and by X-ray 
diffraction (XRD). Transmission electron microscopy (TEM) was performed by JEM-2100 microscope 
operating at 200 kV. Samples for TEM with an initial thickness of 0.3 mm were thinned mechanically by grinding 
to a thickness of 100 μm and finally thinned electrolytically in electrolyte A3 Struers with using TenuPol-3 
device operating at a voltage of 20 V and solution temperature of -20 °C. Oxygen and carbon contents were 
measured by thermo-evolution method by analysers ELTRA ONH-2000 and ELTRA CS-2000, respectively. 
Quantitative metallographic analysis was performed on digitalized micrographs using a computerized image 
analyser SigmaScanPro. For determination of the average lamellar thickness and for the determination of the 
distribution of lamellae thickness at least 1000 individual lamellae in at least 20 different grains were measured 
for each sample. For determination of the α2 phase content at least 20 digitalized images were measured. 
Vickers microhardness measurements were performed at a constant load of 1 N for loading time of 10 s on 
polished and slightly etched samples.  

Table 1 Nominal and measured chemical composition of the alloy (at.%) 

  Ti Nb Al B C O 

Nominal  Bal. 5 45 0.2 0.75 - 

Measured Bal. 5.21 ± 0.10 45.33 ± 1.13 - 0.69 ± 0.01 0.13 ± 0.02 

3. RESULTS 

3.1. Microstructure before thermal exposure 

  

Figure 1 (a) Microstructure before thermal exposure (OM) (b) Bright field image of microstructure before 
thermal exposure (TEM) 

The measured chemical composition of the as-cast alloy is very close to the nominal composition, as seen in 
Table 1. The oxygen content of 0.13 at.% (490 wt.ppm) meets the requirements for the industrial applications 
where the maximum allowable oxygen content is usually reported to be about 500 wt. ppm [12]. Figure 1(a) 
shows the microstructure of the alloy after solid solution annealing followed by the cooling at a constant cooling 
rate of 20 °C/min to 850 °C and free air cooling to room temperature. The microstructure consists of equiaxed 
grains with an average size of 385 μm. The microstructure of the grains is fully lamellar with average width of 
the α2 and γ lamellae of (0.31 ± 0.04) and (0.42 ± 0.04) μm, respectively. The small bright particles in 
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Figure 2(a) are identified as (Ti,Nb)B borides, which is in agreement with the observations of similar type of 
alloys [13]. Quantitative metallographic analysis revealed that the lamellar grains contain about 37 vol. % of 
the α2 phase and 63 vol.% of the γ phase. These results are in a good agreement with the results reported by 
Schwaighofer [7] for the TNM alloy with 0.75 at.% C. Relatively high volume fraction of the α2 phase can be 
explained by a stabilizing effect of carbon [7, 8]. Figure 1(b) shows TEM bright field image of alloy after the 
heat treatment. In this figure, the lamellae contain no carbides, which clearly indicate that carbon remained 
completely dissolved in the γ and α2 phases after the applied heat treatment. The absence of carbides was 
also confirmed by the results of X-ray diffraction (not shown in this article). 

  

  

Figure 2 SEM BSE images of lamellar structure after exposure at (a) 0 h (b) 950 °C, 2000 h (c) 750 °C, 
3400 h (d) 850 °C, 960 h 

3.2. The microstructure after thermal exposure 

Figure 2 (b-c) shows the lamellar microstructure after exposure at 950 °C for 2000 h and 750 °C for 3400 h, 
respectively. In comparison with Figure 2(a) can be observed, that the dominant change in the lamellar grains 
was that the α2 lamellae thinned gradually and become discontinuous. No decomposition of α2 lamelae into α2 
+ β and no recrystallization of β phase were observed. Only in some thick α2 lamellas decomposition into refine 
α2 + γ lamellae were detected (see Figure 2(d)). Figure 3 shows the comparison of α2 lamelae distribution in 
the sample before exposure and after 3400 h at 750, 850 and 950 °C. The results confirms the α2 loss during 
ageing, because the frequency of thin lamellae α2 are usually much higher in the samples after exposure at 
850 and 950 °C than in the samples after exposure at 750 °C or before exposure. This phenomenon was also 
confirmed by the results of the average α2 lamellae width measurements, which are 0.31, 0.26, 0.24 and 0.22 
μm for the sample before exposure and after exposure at 750, 850 and 950 ° C for 3400 h, respectively. 
Figure 4 shows the comparison of γ lamelae distribution in the sample before exposure and after 3400 h at 
750, 850 and 950 °C. The results show that the width of γ lamelae increased during ageing, because the 
frequency of thin γ lamellae are usually much higher in the samples before exposure and after exposure at 
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750 °C, than after exposure at 850, or 950 °C for 3400 h and the samples after exposure at 850, or 950 °C for 
3400 h showed a higher frequency of occurrence of coarse γ lamellae. This phenomenon also confirms the 
results of the average γ lamellae width measurements, which are 0.42, 0.46, 0.49 and 0.62 μm for the sample 
before exposure and after exposures at 750, 850 and 950 ° C for 3400 h, respectively. The α2 loss during 
ageing is also apparent from the results of measuring of the α2 phase content. The volume fraction of α2 drops 
from 37 vol. % to 32, 29 and 23 vol. % for the sample before exposure and after exposures at 750, 850 and 
950 °C for 3400 h, respectively. The drop in α2 phase content is, however, much lower than were reported by 
Karthikeyan and Mills [14], whose reported a decrease of α2 content in K5 and K5SC alloy from 22 and 29 vol. 
% before exposure to 8 and 7.2 vol.% after exposure at 900 °C for 24 h, respectively. This lower drop in the 
α2 phase content may be associated with a higher C content in our alloy. Carbon is namely known as a 
distinctive alpha stabilizer and slows the decomposition of the α2 phase. 

 

Figure 3 The distribution of α2 thickness Figure 4 The distribution of γ thickness 

Figure 5(a) shows the microstructure after ageing at 850 °C for 2000 h. Several recrystallized equiaxed γ 
grains can be observed especially around the bright boride particles in lamellar grains. Recrystallized γ grains 
were seen only after exposure at 850 °C for 2000 h (not in shorter times at that temperature) and after exposure 
at 950 °C for 960 h or after longer periods of times and their dimensions and their frequency increased with 
increasing temperature and time (see Figure 5(b)). No recrystallized γ grains were observed at 750 °C even 
after 3400 hours. As can be seen in Figure 5(b) some dark precipitates were observed in recrystallized γ 
grains. A distribution of fine dark precipitates can be detected also in the lamellar γ/α2 matrix after exposure at 
850 °C for 3400 h and also at 950 °C for shorter times (first precipitates after 8 h). These precipitates are 
mainly formed at the lamellar interfaces and inside the α2 lamellae (see Figure 5(c)). The XRD analysis shows 
occurrence of Ti2AlC carbides in the microstructure (not shown in this article). The presence of the carbides is 
confirmed also the EDS analysis, which reveals an increased content of C in precipitates and the content of Ti 
and Al in the precipitates was approximately 2:1 indicating that these fine particles probably belong to Ti2AlC 
phase. The formation of the carbides at 850, 950 °C can be explained by the dissolution of α2 lamellae. The 
α2 phase has a significantly higher solubility of carbon than the γ phase which leads to the precipitation of the 
carbides at the γ/α2 interfaces to achieve thermodynamic equilibrium state of the alloy at the ageing 
temperature. Figure 5(d) shows the microstructure after ageing at 950 °C for 3400 h. As can be seen in this 
figure the dimensions and shape of Ti2AlC precipitates show significant differences for individual grains, 
indicating uneven distribution of carbon. SEM observations show only very small amount of Ti2AlC carbides 
after ageing at 850 °C and practically no carbides at 750 °C. However, we assume that even samples after 
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exposures at 750 °C contain carbides, but these carbides are not Ti2AlC (h-type) but Ti3AlC (p-type), which 
are characterized by smaller dimensions and their observations can mostly be made only with TEM. 

  

  
Figure 5 SEM BSE images of lamellar structure after exposure at (a) 850 °C, 2000 h (b) 950 °C, 3400 h   

(c) 850 °C, 3400 h (d) 950 °C, 3400 h 

3.3. The changes of microhardness after thermal exposure 

The microhardness values obtained by measurement before exposure and after exposures at 750, 850, 950 °C 
for 3400 h are shown in Table 2. As can be seen in this table, the microhardness value decreased with 
increasing temperature, but the decrease was only mild 0.14, 0.17 and 0.25 GPa for 750, 850, 950 °C for 3400 
h, respectively. The drop in microhardness was therefore much lower than 0.54-0.56 GPa that reported by 
Lapin [15] for lamellar regions in the Ti-45.2Al-2W-0.6Si-0.7B alloy after exposure at 800 °C for 3300 h. These 
results indicate that softening of Ti-45Al-5Nb-0.2B-0.75C is slower and cannot affect significantly the yield 
strength of alloy, because Vickers microhardness has a linear dependence with the yield strength for γ-TiAl 
alloys as reported previously by Lapin et al. [16]. However, roughing and growth of carbides at higher 
temperatures appears to be problematic, because large carbides in γ-TiAl reduce ductility and do not have a 
good effect on mechanical properties. For this reason mechanical tests in compression of the samples after 
the exposure will be carried out as a further activity. 

Table 2 Microhardness HV10 before and after exposure for 3400 h 

Temperature (°C) Unaged 750 °C 850 °C 950 °C 

Microhardness (GPa) 4.154 4.019 3.990 3.906 

4. CONCLUSIONS 

The microstructure of fully lamellar Ti-45Al-5Nb-0.2B-0.75C (at.%) alloy is unstable during the long-term 
ageing at temperatures ranging from 750 to 950 °C. The dominant decomposition mode was that the α2 

a) 

b) 

c) d) 
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lamellas thinned gradually and become discontinuous. Formation of recrystallized γ grains and Ti2AlC carbides 
were also observed especially during the temperature 850 and 950 °C after prolonged heat treatment. 
Microhardness measurements revealed that thermal exposure caused the softening of alloy, but softening is 
slow and probably cannot affect significantly the yield strength. 
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Abstract  

Hydrogen absorption in chosen binary Mg-X (X-Al, Ga, In, Si and Sn) intermetallics was studied. These 
compounds are prospective as additives in other Mg-based hydrogen storage materials. From this point of 
view it is desirable to know the hydrogen solubility in Mg-X and their resistivity against hydride formation. The 
present study was carried out at temperatures up to 623 K.   

Keywords: Hydrogen storage, magnesium alloys, Mg-based intermetallics 

1. INTRODUCTION  

Conservation and transport of energy are key issues of future technologies. It seems that promising solution 
could be the energy storing in hydrogen that can serve as a clean fuel. Solid magnesium is potentially very 
high capacity hydrogen storage (HS) material [1] that can absorb up to 7.7 wt.% H2 in the form of MgH2 hydride. 
However, there are two main reasons that cause that Mg cannot be applied for HS in a pure form: (i) high 
thermodynamic stability of MgH2 which implies that sorption temperatures Ts must be high (Ts above 
approximately 280 °C) and (ii) lazy sorption kinetics caused by slow hydrogen diffusion in hydride that is by 
about three orders of magnitude slower compared to pure Mg [2]. There are numerous studies devoted to the 
elimination of these two drawbacks. The main ideas can be summarized as follows: nanosizing 
/nanostructuring, alloying with other elements and catalysis. The first idea led to an elimination of the influence 
of slow hydrogen diffusion in hydride phase by reducing the diffusion length. The second one - the alloying - 
has brought only negligible improvement in kinetics and almost no effect in dynamics [1]. The high 
thermodynamic stability of MgH2 causes that formation of the hydride during the H-charging expels the alloying 
elements from the alloy, which means that they become non-effective [1]. The catalysis was also thoroughly 
examined up to now, but it still remains an area that is under intensive investigation of many research groups. 
Catalysis of sorption process in Mg-based HS alloys (HSA) by particles of other phases was investigated in a 
series of studies. The best results were achieved by addition of particles of Nb2O5 oxide [3]. The authors 
demonstrated that the catalytic effect of Nb2O5 was superior by absorption as well by desorption.  

In the present paper, we examine the sorption characteristics of several chosen Mg-X intermetallics that may 
be interesting as catalyst of the hydrogen sorption in Mg-based HSA.  

2. THE CHOICE OF EXPERIMENTAL MATERIALS 

Chosen intermetallic compounds MgmXn formed by magnesium and elements X from the 13th and 14th group 
of the periodic table were investigated. The elements X and MgmXn compounds are listed in Table 1. In the 
case of X = In, the mixture of phases βn was used with prevailing Mg3In phase.  
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Table 1 Formation enthalpy ΔHf (kJ/mol of formula unit) of MgmXn, higher temperature of the sorption  
    experiment (623 K) normalized to critical temperature Tc of MgmXn (TH = 623/Tc), most stable oxides  
    of X and their free enthalpy of formation ΔGf (kJ/mol of O2) and phases detected by XRD in MgmXn  
    samples after the H-charging at 573 K in wt. % H2. 

group  MgmXn -ΔHf  TH  oxide -ΔGf  4) phases detected in H-charged MgmXn sample 

  kJ/mol fu   kJ/mol O2 MgmXn Mg X MgH2 MgO 

13 Mg17Al12 31.61 6) 0.88 Al2O3 996 2) 84.1 0 0.7 13.6 1.7 

 Mg2Ga 38 8) 0.96 Ga2O3 603 3) 73.7 0 0 26.1 0.2 

  βn - Mg-In1) 29  - 35 5) 0.98 In2O3 502 3) 80.8 1.6 1.0 13.4 3.2 

14 Mg2Si 79.1 6) 0.46 SiO2 812 3) 87.6 0 8.9 0 3.4 

 Mg2Sn 80.8 7) 0.60 SnO2 649 3) 94.3 0 5.7 0 0 

  MgH2 74.5  9)   MgO 1080 3)           
       1)  mainly Mg3In, 2) [4], 3) [5], 4) at 573 K, 5) [6], 6) [7], 7) [8], 8) [9], 9) 10]      

The choice of X was guided by following demands that would assure that MgmXn particles can act as effective 
hydrogen gates to particles of HSA: (i) elements X itself should not form stable hydrides, (ii) X - as addition 
elements in solid solution with Mg - should improve the hydrogen sorption kinetics, (iii) the catalyst particles of 
MgmXn must be able dissociate effectively the hydrogen molecule, but they must not form complex hydrides 
(where the hydrogen diffusion is very slow), (iv) MgmXn must well solve hydrogen, (v) they have to be resistant 
to oxidation [4, 5] and (vi) the hydrogen diffusivity in MgmXn must be sufficiently high. At present, it is impossible 
to judge the convenience of chosen compounds MgmXn with respect to all the above mentioned demands (i 
through vi) due to lack of experimental data. The present paper contributes to investigation of hydrogen 
solubility in MgmXn and to finding the conditions when their hydride(s) start to form only. In the following 
paragraphs, the synopsis of known sorption behavior of X and/or MgmXn is summarized.  

Al additions to Mg alloys led to an improved corrosion resistance: It was observed [11, 12] that the phase 
Mg17Al12 improves local corrosion resistance of light Mg alloys and a very thin Mg17Al12 shell of 2-5 nm on Mg 
suppresses significantly the formation of MgO [1]. Interesting feature of hydrogen sorption in Mg17Al12 is fully 
reversible disproportionation [13]. The sorption occurs in two - individually reversible - steps that can be 
described by two equations 

Mg17Al12 + 9 H2 ↔ 9 MgH2 + 4 Mg2Al3         (1) 

Mg2Al3 + 2 H2 ↔ 2 MgH2 + 3 Al.         (2) 

There is little knowledge on influence of Ga upon the corrosion resistance in Mg alloys in general. In light alloys 
Al-9Mg, however, it was reported [14] that the presence of Ga in the solid solution deteriorates slightly the 
resistance to stress corrosion cracking. It was reported that Ga improves hydrogen sorption in Mg [15]. In a 
mixture of MgH2 with Mg5Ga2, fully reversible hydrogen sorption was observed [16]. First Mg5Ga2 reacted with 
MgH2  

2 Mg2Ga + MgH2 ↔ Mg5Ga2 + H2         (3) 
and then the rest of Mg hydride decomposed 

MgH2  ↔  Mg + H2.           (4) 
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Addition of In improves resistance to oxidation, increases dehydrogenation rate, decreases the desorption 
temperature and the activation enthalpy of hydrogen desorption [17]. Detailed phase analysis reported in [18] 
revealed that the hydrogen sorption in Mg-In alloy occurs along different pathways via several intermediate 
MgmInn compounds and/or Mg(In) solid solution depending on the sorption temperature. The authors 
concluded that the re-hydrogenation may not be fully reversible. 

Vajo et al. [19] found that Mg reacts with Si forming a very stable compound Mg2Si, which helps to reduce the 
enthalpy of dehydrogenation. The solubility of Si in Mg is considered very small. The hydrogen desorption 
reaction is considered reversible, but the yield (hydride phase) is extremely low and kinetics is lazy. To improve 
the kinetics, high hydrogen pressure and very small particles of HSA (~ 10 nm) must be applied [20]. No 
significant hydrogen up-take was observed in MgmSnn compound [20]. 

Thermodynamic stability of MgmXn can be assessed simply by the critical temperature Tc of respective 
compound, or using its formation enthalpy ΔHf [6-10] (Table 1). It can be seen that the compounds formed by 
elements from the 14th group are much more stable that those from the 13th group. The ΔHf values for X from 
the 13th group are lower and ΔHf values for X from the 14th group are greater than ΔHf for Mg hydride. It means 
that compounds MgmXn formed by X from the 14th group can be well used as catalyst. 

The oxidation resistance of MgmXn can be assessed only indirectly. Qualitative comparison of the ΔHf and free 
enthalpy of oxide formation ΔGf from Ellingham diagrams [4, 5] may serve as an appropriate guide. In Table 1, 
the values of ΔGf are listed for the temperature of T = 573 K, but since formation entropies ΔSf of oxide 
formation is almost the same for the majority of oxides, the relative comparison made by using these values 
of ΔGf  are valid within a relative wide temperature interval. If one ad hoc defines the relative oxidation resistivity 
of MgmXn, OR, as a ratio OR = ΔHf / ΔGf, he obtains results shown in Figure 1, where the ratio OR is compared 
with the ratio of formation enthalpy of MgH2 and free formation enthalpy of MgO oxide.  

 

Figure 1 Oxidation resistance of MgmXn 

3. EXPERIMENTAL 

The compounds Mg17Al12, Mg2Ga, βn-Mg-In and Mg2Sn were prepared by induction melting of pure 
components (Mg with Al, Ga, In and Sn) and by subsequent ball-milling in hydrogen, or by ball-milling only in 
hydrogen (Mg with Si). The samples were ball-milled using Fritsch- Pulverisette 6 (450 rpm, 10 min milling / 
50 min cooling - 14 times repeated; mass ratio of the balls to the charge was about 240). Powder samples 
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were taken out of the ball-mill were done in Ar protective atmosphere. The mass of powder samples for the 
sorption experiments was about 150 mg.  

Hydrogen sorption characteristics were measured using Sieverts-type gas sorption analyzer PCT-Pro 
Setaram Instrumentation. The study was carried out at temperatures between the room temperature and 623 
K and under hydrogen pressure from 10-3 to 6 MPa. The purity of both hydrogen and helium (calibration gas) 
was 6N. All manipulations of the milled powder was done in the glove box in protective Ar atmosphere.  

The samples were annealed at 633 K for 2 hours. The measurement of hydrogen solubility in MgmXn and PCT 
isotherms was carried out first at temperature 523 K and then at temperature 623 K. After the measurement 
at 623 K, the phase composition of (hydrogenated) samples was performed by XRD phase analysis by X’Pert 
Pro MPD device using CoK radiation.  

4. RESULTS AND DISCUSSION 

Dependence of hydrogen equilibrium pressure p on hydrogen concen- tration cH in MgmXn was measured at 
temperatures 523 K and 623 K. Results are summarized in Figure 2. 

It was found that the hydrogen solubility in βn-Mg-In and in Mg2Si at the lower temperature exceeds the 
hydrogen solubility in Mg [21], whereas in other MgmXn compounds the solubility is lower than in Mg. The 
solubility in Mg2Ga was negligible. The curves for βn-Mg-In, which shows the maximum solubility, were 
measured also at room temperature (RT), 373, 523 and at 573 K. The solid and dashed curves in the Figure 3 
show the hydrogen solubility in Mg and function [21] 





 

T
bacp Hlog2log ,              (5) 

fitted to the data, respectively. The fitting constants for βn-Mg-In are a = (1.09 ± 0.06), b = (208 ± 20) K, and 
for Mg2Si (data obtained at 250°C and 350°C were fitted only) a = -(0.42 ± 0.14), b = (1113 ± 83) K. It is obvious 
from Figure 2b that - after the α-phase is saturated with hydrogen - the hydride phase is nucleated. 

 

Figure 2 Equilibrium pressure p in MgmXn at 523 K (a) and 623 K (b) 
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Figure 3 Equilibrium pressure p in βn-Mg-In at 250°C. Fit - Eq. (5) 

This occurs in Mg17Al12 at about 1 MPa, in other compounds at about 2 MPa (refers to the temperature of 623 
K). The PCT curves in Figure 2b are measured in absorption mode to estimate the high limit of applicability 
of the MgmXn compounds as catalysts without hydride phase.  

Two significant plateux on the Mg14Al12 curve and a short plateau and an inflexion that can be identified on 
the Mg2Ga curve reflect the disproportionation reactions described by Eqs. 1-4.  

Positive sign of fitting parameter b in Eq. (5) agrees with the increasing hydrogen solubility with increasing 
temperature (see in Figure 3). This can be verified using a composition-pressure-temperature 3D phase 
diagram in Figure 4 (schematically for the Mg-H system [22]). The two-phase area α+β is limited by the plane 
σ and by lateral surface intersecting the plane p-cH in the boundary α/α+β/β in PCT diagram.  

The thick red trapeze encloses the α+β area in equilibrium phase diagram of Mg-H binary system for p = 2.5 
MPa [22]. Two PCT isotherms for T1 < T2 are schematically shown in the plane p-cH. Construction of another 
solubility curve (dashed blue curve in α region for T2 = const. < T1 is shown in Figure 5. The qualitative 
agreement (b > 0) with measured data in Figure 3 is obvious.   

5. CONCLUSION 

Compounds Mg2Si and βn-Mg-In show the potential for catalysis of HS in Mg-based HSA due to relatively high 
hydrogen solubility, OR index and to sufficient resistivity to form hydride phase. 
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Figure 4 Composition-pressure-temperature 3D phase diagram (schematically for the Mg-H system) 
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Abstract  

Inconel® is a group of nickel-based superalloys, which are featured by superior combination properties. Their 
good mechanical properties at high temperature, good oxidation and corrosion resistance cause them  
to become attractive choices for diverse applications in aerospace, marine, chemical, petrochemical  
and energy industries. Welding of Ni-based superalloys is difficult, because alloying elements such as Nb, Cr, 
Ti cause harmful precipitations of carbides. Another concern is segregation of Nb and formation of Nb-rich 
brittle intermetallic Laves phase in the interdendritic regions during weld metal solidifications. In some 
applications, especially in the aerospace, implementation of innovative design and technology for property, 
quality and performance are necessary. A favorable solution seems to be multi-material joining. However, 
problems, associated with the proper selection of materials and welding method, are given rise to. Therefore, 
any research on the microstructure and properties are justified. In this study, laser beam weldability of these 
superalloys was evaluated, and the microstructural characteristic and the mechanical properties of their weld 
joint were investigated. Optical microscopy, scanning electron microscopy and hardness test were utilized  
for the investigation.  

Keywords: Inconel 718, Inconel 625, electron beam welding, microstructure, hardness 

1. INTRODUCTION 

Austenitic nickel based superalloys exhibit superior properties at high temperatures (150 - 1500 °C) in terms 
of mechanical properties such as higher strength, stress-rupture strength, toughness and resistance  
to thermal fatigue, and moreover high corrosion resistance [1]. Inconel® 718 is an age-hardenable,  
Ni-Cr-Fe-based superalloy, which was designed to minimize strain age cracking. The main weldability 
problems of this alloy are solidification cracking and microfissuring behavior in the heat-affected zone (HAZ) 
[2-3]. Inconel® 625 was developed as a solid solution strengthened superalloy. This Ni-Cr based alloy contains 
molybdenum and niobium which can be retained without precipitation heat treatment. Due to its high weldability 
properties Inconel 625 is mainly used in aerospace applications [2, 4].  

Characteristic for Inconels® during solidification in welding process is Nb segregation that initiates the formation 
of Laves phase represented as (Ni,Fe,Cr)2(Nb,Ti,Mo,Si). The greater the segregation of niobium  
in the interdendritic regions, the higher Laves phase volume. The presence of the Laves phase in the 
microstructure of the fusion zone is undesirable, due to the depletion of the base material in the alloying 
elements, mainly Nb. Furthermore Laves phase is a fragile intermetallic structure, which creates favorable 
conditions for the formation and propagation of cracks. The long chains of interconnected thick Laves particles 
have a worse effect on the mechanical properties of the weld than the finer, unrelated particles  
[5-8]. It is well known that in order to minimize the segregation of niobium and the Laves phase in the fusion 
zone of welded Inconels® increasing of the cooling rate of welded alloys are necessary [9], and depends on 
the type of welding technique, which controls heat input and dictates liquid metal convection in the weld pool 
[10-11]. For this reason electron beam welding is the most favorite. Electron beam welding allows for a high 
depth to width ratio of the weld, which results in a minimal size of fusion zone and heat transfer zone [12-13]. 
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In addition, the use of this technique reduces the distortion and residual stresses. The high vacuum, 
characteristic for electron beam welding, avoids material contamination and provides deep penetration  
[13 - 14].  

Oscillated electron beam welding in comparison to unoscillated electron beam welding results in enhanced 
weld cooling rates that cause less segregation of Nb, and thus lower volume of Laves phase. Analysis of the 
dendritic morphology of the welds was made by oscillating and unoscillating techniques allows determine 
differences in the size and structure of the Laves phase. In the oscillated weld, the Laves phase consist  
of finer and discrete particles, and the interdendritic regions are characterized by a lower Nb concentration 
than the unoscillated weld [9, 15]. 

The present study is designed to examine the effect of oscillated electron beam welding technique  
on formation of fusion zone of multi-material weld of Inconel® 718 and Inconel® 625. The analysis is based  
on the microstructure and selected properties of the obtained weld.  

2. MATERIALS AND METHODS 

The research was carried out for specimens of welded Ni-based superalloys. Compositional specification  
of both superalloys Inconel 625 and Inconel 718 is included in Table 1. 

Table 1 Chemical composition of Inconel® 718 and Inconel® 625 (in wt.%) 

 Ni Cr Fe Nb Mo Ti Al C 

Inconel® 718 51.34 19.41 16.88 3.96 2.72 1.02 0.56 4.13 
Inconel® 625 57.91 21.88 4.64 3.82 8.33 0.16 0.41 3.42 

The samples were welded by oscillated electron beam welding technique. Etching of Inconel 718 was carried 
out with the mixture of two parts of aqua regia and one part of aqua, while Inconel 625 was etched  
in Kalling’s reagent. The structure and shape of the resulting weld was determined by a microscope OLYMPUS 
SZ31. Analysis of microstructure of weld after electron beam welding of Inconels 625 and 718 was carried out 
using microscope AXIOVERT 25 with stereo digital image recording and electron scanning microscope JOEL 
JSM 5400. The same electron scanning microscope with an EDS device was used for analysis of chemical 
composition. To determine phase composition in the obtained samples X-ray diffractometer Seifert 3003 TT 
with a cobalt lamp with characteristic radiation wavelength of λCoKα = 0.17902 nm was employed. The 
measurements were carried out for angle range of 2θ = 20÷100°. The Vickers microhardness tester Shimadzu 
HMV-G -21DT with load of 0.98 N was used for specimens.  

3. RESULTS AND DISCUSSION 

The macrostructure of multi-material weld obtained by oscillated electron beam welding is presented in 
Figure 1. Figure 2a shows the microstructure of the weld of Inconel 718 and Inconel 625 etched by Kalling’s 
reagent (optical microscope Axiovert 25). The microstructure of heat-affected zone and fusion zone are shown 
on Figure 2b and 2c. Figure 3 presents the microstructure of fusion zone obtained by the scanning microscope 
JOEL JSM 5400. Microstructural examination revealed a homogeneous cellular-dendritic structure of the 
fusion zone with the Laves phase which consists of fine particles of small volume. The examination also 
showed no microcracks and defects in the heat-affected zone. In addition to the Laves phase, the presence of 
the γ phase, β phase, δ phase and carbides are revealed. The occurrence of these phases is characteristic 
for welds generated by Inconel welding. The presence of the above phases was confirmed by X-ray 
examinations to which X-ray diffractometer Seifert 3003 TT was employed (Figure 4). The Table 2 lists the 
lattice details for each phase. 
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Figure 1 Macrostructure of multi-material weld obtained by oscillated electron beam welding  

 
Figure 2 Microstructure of multi-material weld of Inconel® 718 and Inconel 625: 

a) structure of entire weld, b) heat-affected zone, c) fusion zone 

 

  
  
  
  
  
  
  

 
 

Figure 3 Microstructure of cellular dendritic fusion zone of Inconel 625 and Inconel 718 weld 
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Figure 4 Diffractogram of fusion zone of Inconel 625 and Inconel 718 weld 

Table 2 Details of X-ray diffraction peaks  

Phase Lattice details 
Laves (NbFe2) HCP, P63/mmc, a = b = 0.4831 nm, c = 0.7881 nm 
γ (Cr0,7Fe0,36 Ni0,4) FCC a = 0.3553 nm 
β (Ni4Mo) BCT, I4/m, a = b = 0.572 nm, c = 0.3564 nm 
δ (NbNi3) BCT, I4/m a = b = 0.3624 nm, c = 0.7406 nm 
Cr7C3 carbide Orthorombic, Pmcm, a = 0.7015 nm b = 0.4532 nm c = 1.2153 nm 

Hardness was measured by the Vickers method at three different distances from the face: 0.13 mm, 0.83 mm, 
1.43 mm and shown on Figure 5.  
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Depending on the distance from the weld face in the fusion zone, the hardness values are varied due to the 
internal stresses and differences in cellular-dendritic structure size and distribution.  

The average hardness of the individual zones is summarized graphically and presented on Figure 6.  
Inconel 718 has the 349 HV0.1 hardness value, Inconel 625 has 245 HV0.1 hardness value and the value of 
the hardness of the weld region is 260.8 HV0.1. 

 
Figure 6 Average values of hardness HV0.1 in individual zones 

4. CONCLUSION 

Oscillated electron beam welding of Inconel 625 and Inconel 718 allows to obtain homogeneous cellular-
dendritic fusion zone and heat-affected zone without micro-cracks. Segregation of niobium occurring during 
welding leads to the formation of the intermetallic fragile Laves phase. The electron beam oscillation promotes 
a faster cooling rate and hence the formation of finer, non-cumulative particles forming Laves phase. Hardness 
tests have shown that the highest hardness value - 349 HV0.1 - has Inconel 718, the lowest value - 245 HV0.1  
- has Inconel 625, and the value of the hardness of the weld region is 260.8 HV0.1. However, the varied 
hardness results obtained for the fusion zone depending on the distance from the face of the weld are both 
due to differences in the microstructure of the layer (size and distribution of the cellular-dendritic structure), but 
also to the internal stresses in the areas of the fusion zone. 
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Abstract 

The article presents the research results on acoustic emission (AE) generated by process of friction stir welding 
of sheets made of AW-5083 aluminum alloy. Nowadays acoustic emission method is used in many fields of 
science, including in the diagnosis of machining and joining processes such as turning, grinding, milling, 
welding, etc. 

Friction Stir Welding (FSW) - a new technology can be successfully used for butt welding of different types of 
aluminum alloy sheets. FSW method can be an alternative to traditional arc welding methods i.e. MIG or TIG. 
The joining process was carried out on laboratory stand built on the basis of universal milling machine FWA-
31. Joining parameters chosen after optimization of the FSW process were presented. 

The research was carried out on a laboratory test stand using an acoustic emission set made by Vallen System. 
This set included: 4 channel signal recorder AMSY 6, two measurement modules ASIP-2/S, preamplifier with 
a frequency range 20 kHz - 1 MHz and the strengthening of 34 dB and AE signal measurement sensor type 
VS 150M, with a frequency range 100 - 450 kHz. During the study, the acoustic emission (AE) generated by 
rotating tool and friction between joining materials and tool surface was recorded. The following parameters 
were determined: amplitude, number of events - hits, the effective value of the signal (RMS). 

The study can be the basis for the use of acoustic emission method to monitor the process and determine the 
parameters of the friction stir welding for obtaining a high quality joint. 

Keywords: Acoustic emission, friction stir welding (FSW), aluminum alloys, joining, welding parameters 

1. INTRODUCTION 

The interest growth of the ship designers in aluminum alloys used for hull and whole vessels construction gives 
an opportunity of a considerable reduction of its mass. This allows to increase the ship displacement with 
simultaneous increase of her dead-weight tonnage or her speed. Weldable aluminum alloys for plastic 
processing, the most popular in shipbuilding industry is still the group of Al-Mg (5xxx series) alloys, with good 
weldability and relatively good operating properties. The advantage of these alloys is their relative insensitivity 
to layer corrosion and stress corrosion, the disadvantage - low strength of welded joints, below 300 MPa. 
Nowadays the most common aluminum alloy used in shipbuilding is AW-5083 (AlMg4.5Mn0.7) alloy [1, 2, 3]. 

Joining aluminum and its alloys by welding methods is difficult due to its specific properties. The main problems 
that can occur during welding result from the following factors: high similarity of aluminum to oxygen, the 
creation of high-melting (2060 °C) oxide Al2O3, high thermal conductivity, high thermal expansion of aluminum 
alloys, big casting shrinkage (being the reason of welding strains and stresses), considerable decrease of 
resistance at welding temperatures, the loss of alloying elements such as magnesium, zinc, or lithium during 
welding. The above mentioned main drawbacks related to aluminum alloys welding provoke searching other 
joining methods for these materials. An alternative to traditional arc welding is a method known as friction stir 
welding (FSW) [4]. 
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The method of friction stir welding FSW (Friction Stir Welding) was worked out and patented in 1991 in Welding 
Institute (TWI) at Cambridge University in Great Britain. For this method of heating and plasticizing a material, 
a special tool with rotating pin placed in the joining point of pressed down sheets was used. After setting the 
tool in rotating motion, heating with friction heat and plasticizing sheets material in the direct contiguity - a slow 
displacement of the whole system alongside the contact line takes place [4, 5, 6]. FSW is a method of welding 
in a solid state of mainly aluminum alloys, copper alloys and stainless steel. Compared to traditional arc welding 
methods used in the shipbuilding industry (MIG, TIG), this method does not require such time-consuming 
preparation of joined plates and the use of additional materials, such as filler material and shielding gases. 
The main advantage of this method is the fact that it is easy to obtain welds of high, repeatable properties 
[5, 7].  

One of the methods for monitoring friction stir welding of metal sheets is the acoustic emission (AE) method. 
According to the definition acoustic emission (AE) is an evanescent elastic wave, which is the result of rapid 
release of the energy stored in the material by propagating a micro-damage (increase in micro-cracks, the 
movement of groups of dislocations) in the material or by a process (friction, leakage, etc.) [8, 9]. The typical 
frequency range of the acoustic emission is normally determined within 20 kHz - 2 MHz [8]. 

Acoustic emission is a passive non-destructive method. Its main advantages are: 

 the high sensitivity, 
 the possibility of continuously research, 
 the possibility to locate the source of the AE signals (damages, leaks, etc.), 
 the possibility of carrying out research without having to shut down equipment out of service [9]. 

The stimulus causing the release of energy and the formation of elastic waves can be: load operation, 
environment, temperature change, and the processes which are accompanied by AE changes both at the 
micro and the macro scale, such as: cracks, friction, plastic deformation, corrosion, leaks, structural and phase 
changes, chemical reactions, delamination, cracking of the fibers and matrix in composites, etc. [10]. 

The acoustic waves propagate in all directions from the source, thus can be recorded by one or more sensors 
mounted on an object or component. During the propagation of the AE waves they are damped by several 
physical effects. Therefore the waves can only be detected within a limited distance. These distance 
dependents on many factors, mainly on properties of the material, the geometry of the object and the level of 
interference from background noise [10]. According to PN-EN 1330-9: 2009, AE signal can be characterized 
by parameters such as: amplitude, frequency, energy, rise time, duration, number of exceedances of the 
threshold of discrimination - hits, RMS of the signal, etc. Examples of AE signals are shown in Figure 1. 

  
a) b) 

Figure 1 Examples of typical acoustic emission signals: a) burst signal, b) continuous signal [8] 

The aim of this study was to determine the possibility of monitoring the friction stir welding process using 
acoustic emission. AW-5083 alloy sheets were joined by FSW method using different welding parameters. 
During optimization of welding process the acoustic emission was recorded and then analyzed. 
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2. THE RESEARCH METHODOLOGY 

The study used EN AW-5083 H321 aluminum alloy. The chemical composition of the alloy is given in Table 1. 

Table 1 Chemical composition of 5083 aluminum alloy (wt.%) 

Si Fe Cu Mn Mg Cr Zn Ti Zr Al 

0.195 0.180 0.090 0.662 4.745 0.111 0.042 0.025 0.037 The rest 

Butt joints of AW-5083 alloy sheets were made using FSW. Sheet thickness was g = 12 mm. With exception 
of provided general cleanliness of the sheets there wasn’t used any degreasing agent interfaces connected 
elements. 

The diagram of friction stir welding (FSW) and view of the tool are shown in Figure 2. For joining sheets made 
of 5083 alloy were used tools with conical pin. For optimizing quality of joints were used different parameters: 
angle of tool deflection, mandrel’s rotary speed and welding speed. The welding parameters are shown in 
Table 2. 

Table 2 FSW parameters of 5083 aluminum alloy sheets 

Kind of tool 
Tool dimensions Angle of tool 

deflection 
  () 

Mandrel’s rotary 
speed 

Vn (rpm) 

Welding speed 
Vz (mm/min) D (mm) d  (mm) h (mm) 

With conical 
pin 

20 
10 - in the top 

6 - in the bottom 
7.5 88.5 - 89.5 150 - 750 52 - 180 

 

  
a) b) 

Figure 2 The diagram of FSW (a) and view of tool used in research (b) 

The view of laboratory stand used in research is shown in Figure 3. The stand was built on the basis of 
universal milling machine FWA-31. Research of acoustic emission (AE) accompanying the friction stir welding 
process was performed using a kit consisting of 4-channel signal recorder type AMSY 6 and two measuring 
modules ASIP-2/S from Vallen System. The kit includes pre-amplifier with a frequency range of 20 kHz - 1 MHz 
and the strengthening of 34 dB and a sensor signal measurement AE, VS 150M, with a frequency range of 
100 - 450 kHz. The system includes a data recording module - 8 MB per channel and software for recording 
and analyzing AE data. The sensor was mounted on the surface of the sheets fixing equipment by means of 
a magnetic holder MAG4M - dedicated to the sensor used. Between the sensor and the surface the coupling 
fluid was used. 

D
V

V

d
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Figure 3 The view of laboratory stand used in research: 1- FSW tool, 2 - AE sensor, 3 - AE sensor holder,  4 
- joined metal sheets, 5 - preamplifier, 6 - AE recorder, 7 - computer 

3. THE RESEARCH RESULTS 

Changed parameters: rotary speed (Vn), welding speed (Vz) and angle of tool deflection () affect the properties 
of the joints. Very large forces associated with the welding process, especially during the first phase of welding 
cause that high rigidity of the entire system is required - mainly mounting joined sheets. Insufficient downforce 
of joined plates results formation of the gap between them. Both the incorrect selection of welding parameters 
and insufficient downforce of joined plates caused the occurrence of discontinuities (welding defects) in the 
joints. 

An example of the welded joint by different welding parameters is shown in Figure 4a. Visible discontinuities 
of joint points lead to incorrect welding technology. The optimizing process of welding parameters selection 
enables obtaining proper joint without flaws. View of an exemplary joint without visible welding defects is shown 
in Figure 4b. 

a) b) 

Figure 4 Examples of friction stir welded joints: a) with incorrect parameters - visible welding defects,  
b) with correct parameters - lack of welding defects 

During the study, the acoustic emission (AE) generated in the friction stir welding process carried out on a test, 
recorded a number of parameters which were analyzed. These parameters were e.g.: amplitude, number of 
events - hits, energy, RMS of the signal. The analysis of these parameters was made using Visual Vallen AE 
software. Examples of graphs recorded in the tests for correct and incorrect joining parameters are shown in 
Figures 5, 6. For analysis were chosen two parameters: amplitude and RMS (Root Mean Square) of the signal, 
recorded during friction stir welding when the joining process was with stable conditions. Average values of 
chosen parameters are shown in Table 3. 
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Figure 5 Chart of number of hits and their amplitude changing as a function of time, incorrect joining 
parameters, weld with defects 

 

Figure 6 Chart of number of hits and their amplitude changing as a function of time, correct joining 
parameters, weld without defects 

Table 3 Average value of chosen parameters recorded during welding with stable conditions 

Correctness of FSW process Amplitude A (dB) RMS (µV) 

Incorrect parameters 97.2 177.2 

Correct parameters 77.3 36.0 

The research of acoustic emission, generated during friction stir welding of 5083 alloy sheets, showed that 
there are significant differences in chosen AE parameters depend of correctness of joining process. Average 
value of signal amplitude raised up approx. 25 % when the FSW process was incorrect compared to correct. 
In the same time RMS of the signal increased almost 5 times. 

4. CONCLUSION 

Application of FSW method for joining metal sheets made of 5083 aluminum alloy allows obtaining good quality 
of the joints. In order to achieve high quality of joint it is necessary to precisely select the welding parameters. 
Monitoring of joining process using e.g. acoustic emission could be helpful to achieve correct joints. 
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The research showed that the welding parameters have a big impact on the quality of joints made by FSW. 
Changed parameters: rotary speed, welding speed and angle of tool deflection affect for the properties of joint 
as well as the stiffness of mounting the sheets. Insufficient downforce of joined plates and the incorrect 
selection of welding parameters caused the occurrence of welding defects (discontinuities) in the joints.  

For obtaining joints of high quality continuously monitoring of the welding process can be used. One of these 
methods is acoustic emission. There is possibility of detecting irregularities in the welding process due to, for 
example, insufficient metal clamping, incorrect welding parameters, etc. The research has shown that it is 
possible to monitor on-line the joining process. Analyzing parameters recorded during friction stir welding, e.g.: 
amplitude and RMS of the signal allows determine the correctness of the conducted process. In the case of 
joining AW-5083 alloy sheets, acoustic emission emitted during welding with incorrect parameters compared 
to correct parameters caused increasing the amplitude of the signal from 77 dB to 97 dB and increasing the 
average RMS value of the signal by almost five times. 
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Abstract 

The paper presents the results of investigation concerned with the inner surface quality of Zr-1% Nb alloy tubes 
produced on a KPW-type pilger rolling mill with an elongation factor of  = 3.9. In order to analyze the influence 
of applied velocities and deformations on the variations of the flow stress σp values of the investigated alloy, an 
experiment by testing programme was carried out in industrial conditions and the physical modelling of the rolling 
process was performed. For the physical modelling of the investigated process, the metallurgical process 
simulator GLEEBLE 3800 was employed. The relationships σp= σp (ε,) have been obtained for the conditions 
of both intermittent and continuous cold deformation of the examined alloy and recommendations for the 
distribution of stress across the rolling gap have been given. 

Keywords: Pilger rolling, zirconium alloy, tube inner surface defects, flow stress, physical modelling 

1. INTRODUCTION 

The intensification of the plastic working process of zirconium-based alloys by reducing the number of 
operations during the tube cold rolling on pilger rolling mill may lead to decrease of the quality of the outer and 
inner surfaces of semi-finished products and tubes. After shortening duration of the technological process, the 
occurrence of defects from rolling was observed after all cold plastic working cycles; discontinuities forming 
due to metal sticking to the rolls and the formation of a fatigue crack were disclosed, and increased surface 
roughness and the formation of a varying tube profile, etc., were noticed. 

The optimization of tube cold rolling technology and other technological processes [1] requires a detailed 
analysis of all interacting physical processes. The analysis and physical modelling of variable-load processes, 
in the case of tube cold rolling, are relatively complex due to the fact that the behaviour and value of the flow 
stress σp in the plastic flow curves σp - ε for zirconium alloys are influenced by a number of conditions and 
parameters [2-4]. Among them, the following should be mentioned: the distribution of strain across length of 
the deformation zone, the value of the total deformation during the complete rolling cycle, the distribution of 
strain rate and the occurrence of the plastic deformation thermal effect during the tube rolling. 

The influence and interactions of these parameters can be noticed by carrying out the experimental physical 
modelling of the intermittent loading process under conditions similar to the tubes rolling on KPW pilger rolling 
mill using modern plastometric testing machine [5-7]. 

2. THE AIM, SCOPE AND METHODOLOGY OF THE INVESTIGATION 

The purpose of the investigation was to identify the causes of the defects formation on the inner tube surface 
and to determine the influence of cold pilger rolling conditions on the variations of the flow stress σp values of 
the Zr-1% Nb alloy during growing tube deformation in the roll gap. 
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To identify the causes of the defects forming on the inner surface of products, sections of the metal from the 
deformation zone (working cone) were taken from the tube length being rolled and examinations were made 
to determine the inner surface quality using an optical microscope at a magnification of 10x and 1000x, 
respectively. The analysis of the rolling process parameters was made using the «Gleeble 3800» metallurgical 
process simulator in the «Pocket Jaw» module, according to the testing methodology described in works [8, 
9]. Prior to physical modelling, the influence of rolling conditions on the flow stress values of the Zr-1% Nb 
alloy was determined. Specimens with a working portion diameter of 10 mm and a height to 12 cm made from 
14 mm-diameter bars were used for the tests. The state of the alloy after the cold deformation and annealing 
could be defined as completely recrystallized with a grain size of 9-10 according to the standard scale [10]. 
The tests were performed by the compression method following the intermittent loading schemes shown in 
Table 1, and also under continuous loading conditions within the velocity range of 0.5 -15.0 s-1. The 
temperature of the deformed specimens was monitored using chromel-copel thermocouples that were welded 
in the central specimen portion by a „Thermocouple Welder” welding machine. It made possible not only 
controling the temperature of heated alloy, but also recording variations of the value of the plastic deformation 
thermal effect (PDTE) - the temperature change ∆T during testing. As the lubricant, graphite-based pads were 
used. 

Table 1 Deformation parameters in modelling of Zr-1% Nb alloy tube rolling  
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Figure 1 illustrates the strain distributions corresponding to the specimen loading schemes (Table 1). The 
schemes describe the variation of strain rate and strain across the deformation zone in the KPW pilger rolling 
mill. Schemes 1, 2 and 4 correspond to the values of the total specimen deformation of Σε = 0.65 and the 
decreasing values of strain along the roll gap at the end of loading. 

 

Figure 1 The strain distribution for different schemes of tube loading in the pass 

Deformation scheme no. 3 applies to the total specimen deformation of Σε = 0.69 and describes the distribution 
of rolling reductions increasing in the final loading cycle phase. Scheme 4 is characterized by a more intensive 
strain with the total specimen deformation of Σε = 0.65 being attained within 10 tube loadings. For a given 
scheme, the break between loadings increased from 2.4 s (for schemes 1-3) to 4.8 s. Scheme 4 represents 
rolling simulation with a greater tube advance in the deformation zone and a decreased frequency of working 
roll displacement, compared to the other schemes. 

3. ANALYSIS OF THE INVESTIGATION RESULTS  

3.1. The results of the examination of the working cone inner surface 

To assess the influence of the conditions of tube deformation according to different technological schemes, 
the rolling process was stopped and sections of blanks containing the material occurring in the working cone 
during the pilger process were taken. Many defects were found on the inner surface of the blank section 
(Figure 2), which number and size increased with increasing the deformation value applied during the rolling 
process (Figure 3). 

 

Figure 2 The appearance of the inner surface of a blank taken from the working cone during the rolling of 
Zr-1% Nb alloy on the KPW pilger rolling mill 
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In the initial portion of working cone (Figure 3a), the inner surface of a blank is mostly uniform, with its 
roughness being Ra ≈ 0.2 - 0.3. The helical path visible over the whole tube working cone length is a remnant 
from the previous working tool contact with the inner surface of tube. Micro-cracks formed with a depth ranging 
from 1 to 3 μm, oriented to the tube axis at an angle of 45-60°, are visible on the specimens (Figures 3b, 4a). 
The distance between crack boundaries does not exceed 1 μm. With the increase of preset deformation, a 
change in the micro-crack development direction and the formation of new micro-cracks with a width of up to 
3 μm were noticed (Figures 3c, 3d; 4b, 4c). Whereas, the micro-crack formation process is continuous and 
takes place along the deformation zone. It should be noted that the micro-crack development occurs chiefly 
directly on already formed defects or in a close distance from them. In the last portion of working cone 
(Figure 3e), the fatigue cracks attain a width of up to 150 μm and a depth of up to 15 μm (Figure 4d). The 
surface roughness Ra on the inner surface of a tube at the deformation zone ranges from 0.5 to 0.9. 

a b c d e 

     

Figure 3 Variations of micro-cracks quantify and size on the inner surface of a tube made of Zr-1% Nb 
alloy  across the deformation zone during the rolling on the KPW pilger rolling mill 

 
a b c d 

working cone cross-section  

Figure 4 Fatigue crack-type defects on the inner surface of a tube taken from the working cone in the 
deformation zone during the rolling on the KPW pilger rolling mill 

The formation of defects on the inner surface is a result of the increase of the permissible value of limiting 
strains for the Zr-1% Nb alloy under the conditions of suboptimal friction between the working tool and the 
rolled metal [11]. For these reasons, the problem of improving the surface quality can be solved by determining 
the rolling parameters responsible for attaining the indicated strain state with lower values of the flow stress 
σP and the friction coefficient μ. 

3.2. The results of physical modelling of the influence of rolling conditions on the magnitude of 
the flow stress σP of the Zr-1% Nb alloy 

Figure 5 shows σP - ε plastic flow curves for the Zr-1% Nb alloy obtained under intermittent loading conditions 
of the specimen according to schemes 1 and 3. It can be noticed from the curves that with strains of up to ε = 
0.3, the value of the flow stress σP increases to 900 MPa. With the continued increase of strain ε > 0.3, the 

Х1000 

Х10 
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value of σP stabilizes in the range of 900-1050 MPa. The maximum value in the σP - ε flow curves for scheme 
1 is slightly shifted towards smaller strains. Increasing the single deformations ε to 0.08 at a strain rate  
of   = 4.1 s-1 in the final loading cycle and the total deformation value to Σε ≈ 0.69, according to scheme 3, 
has not influenced the value of σP.  

Most probably, under cold deformation conditions with strains ε > 0.3, the stress attains values sufficiently high 
for the formation of cross slip bands [9, 12]. In that case, rebuilding of the entire dislocation structure and some 
reduction of lattice defects occur. Reactions between dislocations with opposite signs were observed, which 
manifested itself by their mutual cancellation and a reduction of the internal stress field. As a result of the 
increase of deformation, a gradual reduction of work hardening factor value occurs. Besides, the zirconium 
alloys are characterized by instability in plastic flow [13-15]. This phenomenon manifests itself in a parabolic 
shape of the plastic flow curve with the change in the local stress distribution in time and accompanies the 
periodical stress build-up in the form of stable macro-location zones, from which the specimen assumes a 
barrel-shaped form upon the compression conditions.  

Figure 5 The σP - ε plastic flow curves for the Zr-1% Nb alloy obtained under intermittent loading 
conditions of the specimen in the Gleeble 3800 simulator according to schemes 1 and 3 

When examining the plastic deformation thermal effect it was found that the temperature increase of specimens 
deformed according to schemes 1 and 3 did not exceed ΔТmax = 50 °С. Moreover, for the specimen deformed 
according to scheme 1, the ΔТmax value was shifted towards smaller strains of ε = 0.2-0.4. 

Figure 6 shows σP - ε flow curves for the Zr-1% Nb alloy obtained under intermittent loading conditions of 
specimen according to schemes 2 and 4. The strain redistribution, according to scheme 4, provides a total 
specimen deformation of Σε ≈ 0.69 in 10 loading steps, with the value of the flow stress σP being slightly lower 
than for specimen deformation according to scheme 2. In the   strain range from 0.2 to 0.65, the value of ΔσP 
is about 60 MPa. The decrease of the σP value can be explained by the increasing PDTE value. When loading 
the specimen according to scheme 4, the ΔТmax is 80 °С and occurs in the strain range from 0.3 to 0.5. 
According to scheme 2, the ΔТmax value is 50 °С and is shifted towards strains with smaller values of ε = 0.15-
0.4. 
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Figure 6 The σP - ε plastic flow curves for the Zr-1% Nb alloy obtained under intermittent loading 
conditions of the specimen in the Gleeble 3800 simulator according to schemes 2 and 4. 

Figure 7 shows σP - ε plastic flow curves for the Zr-1% Nb alloy, obtained under continuous loading conditions 
of the specimen for the strain rate   within the range of 0.5-15 s-1. For this   range, the specimen deformation 
starts at flow stress values of σP = 400-500 MPa, and up to a strain of ε ≈ 0.25 it proceeds at a constant strain 
hardening factor. At strains of ε > 0.25, the strain hardening factor decreases. It should be noted that with the 
increase in the strain rate   to 15 s-1, the difference in σP flow stress values decreases. This might be due to 
the increasing PDTE influence on the flow stress values. At a strain rate of  = 0.5 s-1 the value of the plastic 
deformation thermal effect is ΔТ ≈ 110 °С, and at  = 5 s-1, the PDTE is equal to ΔТ ≈ 130 °С, while at  = 15 
s1 the PDTE equals ΔТ ≈ 150 °С. 

Comparison of the intermittent and continuous loading curves (for   = 0.5 - 5 s-1) for the Zr-1% Nb alloy shows 
that for strains of ε ≈ 0.2 the σP flow stress values are comparable. At strains of ε > 0.2, the plastic flow curves 
obtained under intermittent loading conditions lie above the ones for continuous loading. The break between 
loading steps allows the PDTE influence on the σP flow stress value to be reduced. 

 

The results shown in Figures 5 - 7 indicate that 
the σP flow stress value under cold rolling 
conditions is influenced by numerous factors, 
including the   strain rate, the value of preset ε 
plastic deformations in single operations, and the 
duration of breaks between preset loads. 
Increasing the strain rate results in intensified 
heating and a reduction of strain hardening 
factors of the alloy. To reduce the influence of the 
plastic deformation thermal effect, technological 
lubricants need to be used during deformation, 
which will reduce the friction occurring on the 
surfaces of contact between the tool and the 
rolled metal. 

 

Figure 7 The σP - ε plastic flow curves for the Zr-1% Nb 
alloy at Т = 20 °С, obtained under continuous loading 

conditions at a strain rate of 0.5, 5 and 15 s-1, 

respectively. 
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4. CONCLUSIONS 

From the investigation carried out, the following findings and conclusions have been formulated: 
 The analysis of the stages of formation and development of defects on the inner surface of tubes during 

their production on the pilger rolling mill has been made. Inner surface defects form as a result of the 
increase in the permissible value of the limiting strains of the Zr-1% Nb alloy under the conditions of 
suboptimal friction between the working tool and the rolled metal; 

 Relationships for the Zr-1% Nb alloy between the σP flow stress and the strain rate parameters in 
intermittent and continuous loading conditions similar to those occurring in the process of cold tube 
production on the pilger rolling mill have been determined. It has been demonstrated that the 
intensification of the rolling process leads to an increase in the plastic deformation thermal effect and a 
reduction of the flow stress. The determined relationships for continuous loading can be used for 
description of the cold rolling process with strains of up to ε ≈ 0.2.  
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Abstract  

Electric traction is a complex energy supply system for electric locomotives. One of the most important 
components of this system, to ensure continuous current flow, is a pantograph contact strip. It is a part of 
pantograph located on top of traction vehicles which allows them to move within the electric traction through 
constant sliding contact with contact wires. This paper presents method of fabrication and selected properties 
of metallic-carbon composite materials dedicated for sliding strips used in railway systems. Porous carbon 
materials prepared for metal infiltration were produced by mixing of carbon powders with a binder, extrusion 
of the resultant slurry through a suitably profiled die, thermal debinding and sintering. Developed carbon 
materials are characterised by open porosity in the range of 4-15% calculated by the difference in weight for 
the same volume of tested samples. Obtained carbon materials were next impregnated by molten zinc and tin 
with the use of gas-pressure infiltration process. The results showed that mechanical properties and electrical 
resistivity of obtained materials were enhanced as a result of metal impregnation. Additionally, microstructural 
characterization of the composites showed structure of the interpenetrating network of phases, the absence 
of unfilled pores and good cohesion at the carbon - metal interface. 

Keywords: Railway, railway traction, carbon strips, current collector, metal impregnation 

1. INTRODUCTION 
Overhead line is a complex system consisting of two main components, the catenary and the traction return 
path. This system allows rail vehicles to travel by continuously supplying electricity through a series of wires 
and lines suspended on support structures and various types of catenary equipment. Electricity is supplied to 
the trains by direct contact of the catenary wires with contact strips located on the pantograph of the electric 
locomotive [1-3]. In Poland, copper contact strips had been used until 2011, which had a positive impact on 
the transmission of electricity. On the other hand, the strip material caused rapid abrasion of the catenary wire, 
which is expensive to replace. In addition, trains equipped with such contact strips could not travel on overhead 
line networks in other European Union countries that already used dedicated solutions to reduce the wear of 
catenary wires (different contact strip material based on graphite or graphite composites). Due to the lack of 
local solutions, foreign carbon contact strips have been adapted to the national requirements described in the 
let4 document issued by PKP (Polish Nationals Railways). Contact strips according to PKP regulations should 
be characterised by such parameters as: hardness not higher than 120 HRB, resistivity below 5 μΩ·m and 
metal content in carbon composite below 40 % [4]. Carbon and carbon-metallic contact strips, in addition to 
high tribological properties, which have a positive effect on the low wear of the contact wires, are highly 
resistant to electric arcs occurring in the absence of contact between the contact wire and pantograph strip. 
Carbon and carbon-metal composites have significantly lower electrical and thermal conductivity compared to 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1709 

copper contact strips. Currently, extensive research is being carried out around the world to produce carbon 
composites with the addition of metal particles to increase their working properties through low electrical 
resistance and high strength of contact strip material, which will be dedicated to high speed trains [5-7]. 
Analysing literature, we can also find research on the possibility of addition of various compounds, i.e. MoS2, 
WS2, Al2O3, to improve the strength properties of carbon composites [8-11] and heat treatment increasing the 
strength properties of carbon material [2]. The article presents research on the possibility of pressurised 
infiltration of carbon and carbon-metal composites using liquid metal. Zinc and tin were selected for the study 
because of the significantly lower melting point than copper and the favourable castability of liquid metal. The 
carbon materials produced were subjected to microstructural tests, tests of electrical properties, bending 
strength and hardness. 

2. MATERIALS AND METHOD 
Carbon and carbon-based composite with suitable porosity, intended for testing pressure infiltration with liquid 
metal was produced by blending the powdery carbon materials, extruding them using a screw extruder into 
finished carbon strips, and then subjecting them to final heat treatment. Pure carbon composite was produced 
on the basis of pitch coke with a fraction of 0.6-0 mm, petroleum coke with a fraction of 0.6-0 mm and F110 
binder. In the case of carbon-metal composite, copper powder with a fraction of 60 μm was added. A PP-140 
press equipped with a feeding and pressing screw was used to obtain the carbon strips of a particular shape 
designed for the overhead line systems. Heat treatment was carried out in the next step, taking into account 
three main stages, i.e. drying, polymerisation and firing at temperature up to 1100°C for 624 hours. Open pores 
formed in the carbon composite during heat treatment, permitting infiltration with liquid metals to enhance the 
electrical and strength properties of the composite. In addition, carbon and carbon-metal composites were 
obtained after the heat treatment without any external or internal defects (Figures 1 - 2). Table 1 below shows 
the physical and mechanical properties of the obtained carbon and carbon-metal composites, intended for 
further research. 

Table 1 Physical and mechanical properties of carbon samples 

Properties Unit C sample C/Cu sample 

Apparent density g/cm3 1.70 2.08 

Bending strength MPa 33.5 18.3 

Compression strength MPa 65.3 60.2 

Water absorption % 2.4 7.8 

Porosity % 4.0 16.1 

Hardness Sh 100 89.2 

 

a)  b)  
Figure 1 Macrographs of sintered a) C and b) C/Cu samples 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1710 

The materials developed have an open porosity structure that allows infiltration with liquid metals, i.e. mainly 
zinc and tin. For the saturation tests, a testing station designed at the Silesian University of Technology and 
manufactured by Czylok was used, intended for pressure infiltration of porous carbon materials with various 
metals and metal alloys. During research, samples of carbon and carbon-metal composites were attached to 
a movable piston located in the upper part of the device (PTA-8/PrGC2P Czylok). Runners for saturation metals 
were placed in the bottom part of the heating device, the device's container was hermetically sealed and an 
inert gas, i.e. nitrogen, was introduced. The furnace was heated up to 400 °C in the case of tin and up to 500 
°C for zinc. The melted metal was kept at this temperature for 1 h, which allowed for its complete melting and 
homogenisation. Then, the piston of the device was lowered below the liquid metal level and pressure was 
increased to 1.5 MPa and 3 MPa. After a period of 15 minutes, protective gas was removed and the samples 
of carbon and carbon-metal composite were removed for full cooling. Figures 3 - 4 show the macrostructure 
of model carbon and carbon-metal composite samples. 

a)  b)  

Figure 2 Macrographs of samples impregnated using melted zinc a) C and b) C/Cu 

Microstructural samples were subjected to grinding and cold polishing using abrasive SiC materials, followed 
by microstructural observations using the Zeiss Axio Observer optical microscope. The hardness of the carbon 
and carbon-metal composites was analysed using a FUTURE-Tech machine at a specified indenter workload 
of 100 g. Bending strength was determined using the ZWICK Z020 strength machine with three point bending 
tooling (Figure 3). Resistance of carbon and carbon-metal composites was measured using a four-point 
method on Burster Resistomat 2304 (Figure 4) in two directions, i.e. according to the current flow in the 
overhead line and in the cross section of the composite.  

 

Figure 3 Bending strength test 
 

Figure 4 Sample electrical resistance 

3. RESULTS AND DISCUSSION 

The results of microstructural tests of carbon and carbon-metal composites saturated with zinc and tin are 
shown in Figures 5 to 8. 

Microstructural tests show that saturation with liquid zinc and tin at a preset pressure of 1.5 MPa and 3 MPa 
enables infiltration of carbon and carbon-metal composites. By analysing the results of microstructural tests of 
the obtained materials, it can be stated that at the pressure of 1.5 MPa and the saturation with both zinc and 
tin, there is an incomplete filling of the continuous, strongly branched pores of the carbon and carbon-metal 
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composites (marked with the red arrow on Figures 5a, 6a, 7a, 8a). In the case of using higher pressure, i.e. 3 
MPa, there was a much larger filling of the open pores of the material, which is characterised by larger areas 
with a more uniform structure and the amount of infiltrated metal. In addition, in the case of carbon-metal 
composites containing copper powder, it can be observed that the infiltrated liquid metal in contact with the 
copper particles is likely to result in the formation of bronze alloy in the case of tin and brass alloy in the case 
of zinc, due to diffusion in high temperature and a period of 30 min (marked with a blue arrow on 
Figures 7b, 8b).  

a)  b)  
Figure 5 Microstructure of C sample impregnated by melted tin under pressure of a) 1.5 MPa; b) 3 MPa 

a)  b)  
Figure 6 Microstructure of C sample impregnated by melted zinc under pressure of a) 1.5 MPa; b) 3 MPa 

a)  b)  
Figure 7 Microstructure of C/Cu sample impregnated by melted tin under pressure of a) 1.5 MPa; b) 3 MPa 

a)  b)  

Figure 8 Microstructure of C/Cu sample impregnated by melted zinc under pressure of a) 1.5 MPa; b) 3 MPa 
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Studies of electrical properties of saturated composites shown, that in the case of both materials resistance 
was comparable in both measured directions. By analysing the results of the electrical tests of carbon 
composite, it can also be stated that these composites also exhibit comparable properties in both analysed 
current flow directions. Saturation with Zn and Sn results in a decrease in electrical resistance to approximately 
0.27 Ω, which is about 30 % of its initial resistance compared to carbon composite. The carbon-metal 
composite exhibits the most favourable electrical properties after saturation with Zn and Sn - resistivity of 0.1 
Ω (resistance drop by 57 %). Table 2 presents the results of the tests. 

Table 2 Summary of the electrical resistance test results of obtained composite 

No. Carbon 
composite Metal Impregnation 

conditions 

Electrical resistance in the 
current flow direction 

(longitudinal) (Ω) 

Electrical resistance in the 
transverse direction  (Ω) 

1 2 3 Average 1 2 3 Average 
1 C - - 0.26 0.41 0.36 0.343 0.33 0.41 0.36 0.37 
2 C Zn 500 ˚C,1.5 MPa 0.27 0.34 0.26 0.293 0.32 0.25 0.29 0.29 
3 C Zn 500 ˚C, 3 MPa 0.28 0.25 0.30 0.278 0.24 0.28 0.27 0.26 
4 C Sn 400 ˚C, 1.5 MPa 0.22 0.36 0.32 0.297 0.28 0.30 0.28 0.28 
5 C Sn 400 ˚C, 3 MPa 0.28 0.26 0.27 0.267 0.23 0.29 0.27 0.27 
6 C/Cu - - 0.20 0.25 0.24 0.230 0.26 0.26 0.29 0.27 
7 C/Cu Zn 500 ˚C, 1.5 MPa 0.17 0.16 0.17 0.167 0.14 0.11 0.18 0.14 
8 C/Cu Zn 500 ˚C, 3 MPa 0.13 0.13 0.10 0.118 0.13 0.13 0.13 0.13 
9 C/Cu Sn 400 ˚C, 1.5 MPa 0.11 0.10 0.09 0.100 0.11 0.17 0.15 0.14 

10 C/Cu Sn 400˚C, 3 MPa 0.10 0.10 0.11 0.103 0.13 0.13 0.16 0.14 

Research on the mechanical properties of carbon and carbon-metal composites saturated with Zn and Sn 
showed that saturation with metal increased the bending strength. Carbon composites saturated at 3 MPa 
have a bending strength of 46 MPa in the case of zinc saturation and 50 MPa for tin saturation, which is more 
than a 30 % increase compared to pure carbon composite. In the case of saturation of carbon-metal 
composites with zinc, the properties of the composite increased from 18 MPa (unsaturated carbon-metal 
composite) to about 40 MPa, and in the case of tin to an average level of 45 MPa. Hardness tests of the 
material produced as part of the research showed that saturation with Zn and Sn resulted in a noticeable 
increase in hardness. In the case of zinc saturation at the pressure of both 1.5 and 3 MPa, carbon strips have 
a hardness of about 70 HRF, while carbon-metal composites of about 48 to 59 HRF. Saturating the carbon 
composite with tin at the pressure of 3 MPa produces an increase in hardness of up to 53 HRF, while in the 
case of carbon-metal composite, to 33 HRF. 

Table 3 Results of bending strength test of studied samples 

No. Carbon composite Metal Impregnation conditions Bending strength (MPa) Hardness HRF 

1 C - - 33.5 20 
2 C Zn 500 ˚C, 1.5 MPa 39.6 71.4 
3 C Zn 500 ˚C, 3 MPa 46.4 67.3 
4 C Sn 400 ˚C, 1.5 MPa 45.1 46.4 
5 C Sn 400 ˚C, 3 MPa 50.0 53.5 
6 C/Cu - - 18.3 15.6 
7 C/Cu Zn 500 ˚C, 1.5 MPa 41.8 59.1 
8 C/Cu Zn 500 ˚C, 3 MPa 38.0 47.8 
9 C/Cu Sn 400 ˚C, 1.5 MPa 44.5 33.1 

10 C/Cu Sn 400 ˚C, 3 MPa 46.2 31.4 
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4. CONCLUSION 

The article presents a comprehensive study of the possibilities and effects of saturating carbon and carbon-
zinc composites with zinc and tin, dedicated for new generation of railway contact strips. Tests of electrical 
and mechanical properties have shown that use of pressure infiltration with liquid metals, such as Zn and Sn, 
of carbon and carbon-metal composites in a protective atmosphere allows for significant increase in strength 
properties and lowering of material resistance, which is advantageous for their use in railway overhead traction. 
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Abstract  

Critical raw materials, such as rare earths (REEs), have a high economic importance for the EU, combined 
with a high risk associated with their supply depending on very limited sources. Therefore, the recovery of the 
RE elements is extremely important for both economic and environmental reasons. NiMH batteries contain 
nickel, cobalt, lanthanum and other REEs and can be used as a secondary source of those metals. One of 
possible methods of their recovery is a hydrometalurgicall process consisting of following steps: leaching of 
batteries, separation of metal ions from leach pregnant solution (LPS) and obtaining of final products (metals 
or their compounds). The presented paper deals with leaching of spent NiMH batteries in aqueous solutions 
of chosen organic acids (like acetic, lactic or tartaric). As a result, solutions containing nickel(II), cobalt(II), 
lanthanum(III), and cerium(III) ions with concentration up to 2.5, 0.4, 0.5, and 0.2 g/dm3, respectively, were 
obtained. 

Keywords: NiMH batteries, leaching, recovery, nickel, rare earths 

1. INTRODUCTION  

Rare earth elements of high purity play a significant role in many areas of contemporary techniques. They also 
have many scientific applications. For example, their compounds are used as catalysts in the production of 
petroleum and synthetic products, lanthanides are used in lamps, lasers, magnets, phosphors, motion picture 
projectors, X-ray intensifying screens and many others. The addition of the pyrophoric mixed rare-earth alloy 
called Mischmetal or lanthanide silicates improves the strength and workability of low alloy steels. Therefore, 
the preparation of high purity rare earth elements is very important for such technologies [1]. The rare earth 
elements (REE) are an unusual group of metallic elements with unique properties: chemical, catalytic, 
magnetic, metallurgical and phosphorescent which consists of seventeen elements belonging to lanthanides. 
The geochemical studies have revealed that rare earth elements are actually not rare at all. There are known 
abort 250 rare earth element minerals of which 10-20 are found to be useful and only 5 practically applicable. 
Over 90% of the world’s economically recoverable rare earth elements are found in primary mineral deposits 
i.e. in bastnaesite ores which are located in China and at Mountain Pass in California (USA). Monazite deposits 
in Australia, South Africa, China, Brazil, Malaysia, India and Russia are the second largest concentrations of 
rare earth elements [1, 2]. Consumption of rare earth elements in individual countries all over the world is the 
measure of their technological level and modernity. This is evidenced by concurrence of intensive development 
of production of many new materials and possession of rare earth elements separation and purification 
technology. In recent few years China has contributed about 97% of the supply on the world market of rare 
earth elements, whereas according to the United States Geological Survey [3] in 2015 the total resources were 
about 130 million tons of rare earth. In that China had about 42%, however China’s mine production was about 
85% of total world production. The rare earth elements export reduction introduced by China in 2009 caused 
anxiety among many world economies including the largest ones as these in the USA or Japan. As follows 
from the market analysis for several years the exploitation of rare earth elements has been on the same level 
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but the demand for rare earth element compounds has been growing. The total demand for rare earth elements 
is expected to grow from 128,000 tons in 2011 to 170,000 tons by 2015 and to 255,000 tons in 2020 and a 
growth rate of about 7-10%/yr is estimated. 

Rare earth elements find application in many advanced materials such as high performance magnets 
(Nd2Fe14B and SmCo5, Sm2Co17) which revolutionized technology by miniaturization of hard disc drives, in 
fluorescent materials, chemical sensors, high temperature superconductors, magnetoptical discs and 
rechargeable nickel-metal hydride batteries (NiMH). The alloy used for the battery’s positive pole consists of 
rare earth metals and this makes up 26% of the weight of the battery. Taking into account consumer products 
they are used in TVs, computer hard drives, plasma and LCD screens, laptop computers, cell phones, DVD 
players, cameras, electric motors and generators of hybrid cars (Nd-Fe-B magnets and La batteries). For 
example, in Toyota Prius, Chevy Volt, Nissan Leaf etc. motors and generators of hybrid auto use approximately 
25-27 kilograms of rare earth elements. In cars, rare earth elements are also used in fuel injectors, airbags 
and seat belt sensors, anti-lock brakes, power steering and seat adjustment motors and even in the fuel and 
car catalytic converters. The next example, are new wind turbines that are 70% more efficient than the standard 
ones. Rare earth elements are also used in catalysts that can increase the capacity of refinery equipment up 
to 30% and gasoline production by 5%, commercial air conditioners, medical magnetic resonance imaging 
equipment, for peptide preparation as well as microfertilizers that can increase certain crop yields by 15%  
[4 - 6].  

The use of REE alloys in rechargeable nickel metal hydride (NiMH) batteries is based on their hydrogen 
storage properties. As a representative of hydrogen storage materials LaNi5 is capable of absorbing 
considerable amounts of hydrogen gas and forms a hydride LaNi5H6. The hydrogen density in LaNi5H6 is even 
higher than in liquid hydrogen [7]. A cubic meter of LaNi5H6 contains 88 kg of hydrogen, but the same volume 
of liquid hydrogen only weights 71 kg. The LaNi5-related hydrogen storage alloys absorb hydrogen gas rapidly 
at ambient temperature and their hydrides can be easily dehydrided by heating to temperatures between 50 
and 100 °C. LaNi5 based alloys are ideal hydrogen storage materials, but their prices are high because pure 
lanthanum should be used as raw material. In order to reduce the price of the alloy, mischmetal is used to 
replace pure lanthanum, forming a family of mischmetal-Ni5 based hydrogen storage alloys. Mischmetal (Mm) 
is a mixture of light rare earth elements (La, Ce, Pr, Nd) in the metallic state. The composition of mischmetal 
varies depending on the origin of the rare earth minerals and its processing. Its composition affects the 
characteristics of the hydrogen storage alloys. The higher content of cerium and neodymium in mischmetal, 
the higher dissociation pressure of the hydride will be. Nickel can be substituted by other elements (mainly Al, 
Mn, Cr, Fe, Co, Cu and Si). In the nickel metal hydride battery, the negative electrode is made of a hydrogen 
storage alloy, replacing the cadmium in the older Ni-Cd rechargeable battery. In current NiMH batteries, 
multicomponent alloys such as La0.8Nd0.2Ni2.5Co2.4Si0.1, La0.8Nd0.2Ni2.5Co2.4Al0.1, MmNi3.55Co0.75Mn0.4Al0.3 or 
MmNi3.5Co0.7Al0.8 are used instead of LaNi5. Although the hydrogen storage capacity of these alloys is lower 
than that of LaNi5, this disadvantage is outweighed by their much higher chemical stability in alkaline solution 
and lower tendency for pulverization. Hybrid electric cars represent more than half of the usage of NiMH 
batteries (57%). Spent nickel metal hydride batteries contain 36-42% nickel, 3-4% cobalt and 8-10% 
mischmetal consisting of lanthanum, cerium, praseodymium and neodymium [8].  

Until recently, the state-of-the-art industrial recycling of NiMH batteries was their use in stainless steel 
production as a cheap nickel source, and the rare earths were lost in the smelter slags [9]. Several research 
groups have developed hydrometallurgical methods for the recovery of nickel, cobalt and rare earths from 
NiMH batteries [10-17]. An industrial scale pilot plant has been operational in Hoboken, near Antwerp 
(Belgium), since September 2011 and this pilot plant has an initial annual capacity of 7000 tons. Not only nickel 
metal hydride batteries, but also Li-ion batteries can be recycled in this facility. Most of mentioned technologies 
produce mixture of lanthanides in metallic form (as a mischmetall) or in form of their oxides. Lanthanides 
separation and preconcentration of high purity compounds is one of the most difficult problems in inorganic 
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chemistry and technology as it makes use of the subtle differences between the physicochemical properties 
of these elements and their compounds like solubility, basicity, volatility and possibility of occurrence with 
different oxidation numbers. Most frequently used methods in the separation of rare earth elements are - 
fractional crystallization, selective precipitation, oxidation-reduction methods, ion exchange and liquid-liquid 
extraction [10-19]. The presented paper deals with leaching of spent NiMH batteries in aqueous solutions of 
chosen organic acids (acetic, lactic or tartaric) as a potential method can be applied for the recovery or REEs. 

2. EXPERIMENTAL 

NiMH rechargeable batteries are quite popular and widely used. Detailed description of their construction can 
be found elsewhere [7]. In our research batteries of AA size of different manufacturers were used. All batteries 
were not dismantled and cut into 6 - 8 pieces and crushed into small parts below 5 mm and used for leaching 
experiments. According to literature data, the most popular leaching media there are mineral acids at wide 
concentration range. In presented research three organic acids were chosen for experiments: acetic, lactic 
and tartaric. All of them can be obtained by natural methods so their use seems to be a „green” process.  

In each test a sample of about 3.0 g of the crushed battery was leached in appropriate volume of chosen acid 
solutions of suitable concentrations in a thermostatic beaker under mechanical stirring at the rate of 600 rpm. 
Preliminary tests have shown that the rates above 500 rpm do not influenced the rate of leaching. During and 
at the end of the experiments, samples of the pulp were taken and separated by filtration. The concentration 
of metal ions in the leach aqueous solutions was determined by atomic emission spectrometry method 
(spectrometer MP-AES 4200, made by Agilent). 

3. RESULTS 

The rechargeable nickel-metal hydride battery is a relatively new technology with characteristics similar to 
those of the previously applied nickel-cadmium battery. The principal difference is that the nickel-metal hydride 
battery uses hydrogen, absorbed in a metal alloy, for the active negative material in place of the toxic cadmium 
used in the nickel-cadmium battery. The active metal of the positive electrode of the nickel-metal hydride 
battery in the charged state is nickel oxyhydroxide. The negative active material in the charged state is 
hydrogen in the form of a metal hydride. This metal alloy is capable of undergoing a reversible hydrogen 
absorbing-desorbing reaction as the battery is charged and discharged. The overall reaction on 
discharge/charge can be written as: 

MH + NiOOH  =  M + Ni(OH)2          (1) 

where MH denotes the hydride of metal M. 

In presented preliminary studies the influence of reaction time on concentration of metal ions in aqueous 
solutions was investigated. The results are shown in Figures 1 - 3. During experiments there was found out 
that in the solutions there were present ions of nickel, cobalt, iron, lanthanum, cerium, zinc, manganese, 
aluminium and potassium. The findings are shown in three groups of battery components: 

 Nickel, cobalt and iron - from this group nickel and cobalt can be taken into account as the elements 
possible to recovery and iron is a disturbing element and is present in comparable concentration, 

 Lanthanum and cerium as representatives of lanthanides - recovery of these elements is particularly 
interesting, 

 Other elements (zinc, manganese, aluminium and potassium) - their recovery is not profitable, but they 
are presented in the leach solution and can interfere with other metal ions. 
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Figure 1 Kinetics of leaching NiMH battery in 1M acetic acid solution  
(solid:liquid ratio = 1:100, temperature 20 °C) 

For all applied acids, the highest concentration of metal ions was observed in the case of nickel. It changed 
from 430 to above 2200 mg/dm3 for acetic and tartaric acids, respectively. Concentration of cobalt ions was in 
the range from about 50 to 300 mg/dm3. In the group of lanthanides always higher concentrations of lanthanum 
than cerium were observed. It is easy to see that concentrations of all metal ions in acetic acid solutions were 
lower than in other acids. What is interesting, in acetic acid solutions there wasn’t observed leaching of iron 
(Figure 1).  

   

Figure 2 Kinetics of leaching NiMH battery in 1M lactic acid solution  
(solid:liquid ratio = 1:100, temperature 20 °C) 

   

Figure 3 Kinetics of leaching NiMH battery in 1M tartaric acid solution  
(solid:liquid ratio = 1:100, temperature 20 °C) 

Leaching in solutions of lactic and tartaric acids (Figures 2 and 3) gave the better results for all analysed 
metals than in solutions of acetic acid. The obtained concentrations of all ions were from 3 to 5 times higher. 
Unfortunately, both mentioned acids dissolved steal can of battery, what resulted in the presence of iron ions 
ln the leach solution. The oxidation state of iron ions was not analysed because it is not imported at this step 
of research. Their presence in the solution will be taken into account in the future, when the process of metal 
ions separation will be investigated. The results from Figures 2 and 3 show that concentration of lanthanide 
ions is about ten times lower than nickel and cobalt and on the similar level as Zn, Mn and Al ions. Recovery 
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of these metals is unprofitable due to their prices, as it was said before. Their presence in leach solution may 
interfere with separation and recovery process of valuable metals. On the other hand, in an industrial process 
of metal recovery, the leach solution should be recycled. In that case concentration of interfering metals will 
increase in each step. On that reasons, the problem of their presence must be solved in the future. 

4. CONCLUSION 

Due to a large amount of NiMH batteries selling every year they are a promising secondary source of such 
metals like nickel, cobalt and light lanthanides. This paper discusses and demonstrates the alternative use of 
leaching with chosen organic acids as the first step of those metals recovery process from spent batteries. The 
results of the examinations indicate that the method of leaching with tartaric acid gave the best results (i.e. the 
highest concentration of metal ions in obtained solution). There is possible to put used acids in the following 
order of growing concentration of metal ions: acetic < lactic < tartaric. The observations correspond to 
increasing strength of acids as well as their complexation properties. The further studies will concern with the 
use of different concentration of acids and solid/liquid ratio as well as to investigate of temperature influence 
on the efficiency of the process. 
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Abstract 

An increase in the consumption of platinum in the automotive industry is related to the growing number of cars 
manufactured. Modern and well-used equipment of this type which is fitted as standard in cars should work for 
at least 8·107 - 9·107 metres. When worn, they are considered as waste being a valuable source of platinum-
group metals (platinum, palladium and rhodium) which act as catalysts in catalytic converters. The 
management of spent catalytic converters helps to reduce the amount of waste disposed as well as to lower 
the emission of pollution to the air in relation to the processes involving obtaining such metals in the production 
technologies from raw materials. Various hydrometallurgical, pyrometallurgical or mixed methods are used for 
the recovery of noble metals from spent catalytic converters. The purpose of the article is to present an 
experimental method for the recovery of noble metals from spent catalytic converters. This method involves 
flushing of spent catalytic converters with a liquid collector metal with the use of a magneto-hydro-dynamic 
pump for the intensification of the process and is applied to recover platinum from catalytic converters by 
melting them (collecting) in the liquid metal. In the paper the optimization of the operation of the system for the 
recovery of platinum-group metals which is essential in the light of later commercialization of the solution is 
proposed. 

Keywords: Spent automotive catalysts, PGM recovery, thermal efficiency 

1. INTRODUCTION 

An increase in the consumption of platinum in the automotive industry is related to the growing number of cars 
manufactured. The catalytic converters that are fitted as standard in cars should work for about 8·107 - 9·107 
metres. In practice, they are used much longer. After this time, they should be disposed properly. Spent 
catalytic converters constitute a valuable source of platinum-group metals (platinum, palladium and rhodium), 
that is metals which acts as catalysts. A proper management of spent catalytic converters allows reducing the 
amount of waste deposited. Moreover, the level of emission into the atmosphere is lower during the processes 
of obtaining metals from waste materials, in comparison to the technologies of obtaining them from raw 
materials. Scheme of catalytic converters is shown on Figure 1. Furthermore, recovery of platinum-group 
metals is beneficial in view of their limited global resources as well as costs related to their obtaining [1]. 
Various hydrometallurgical, pyrometallurgical or mixed methods are used for the recovery of these metals from 
spent catalytic converters that are commonly applied in the automotive industry [2-4]. The most common 
pyrometallurgy method is the collector metal method, using copper or nickel lead in this role [5]. 

In the paper an experimental method for the recovery of platinum-group metals from waste generated in the 
automotive industry (spent catalytic converters) involving flushing of spent catalytic converters with a liquid 
metal, with a lead as a “collector metal” with the use of a magneto-hydro-dynamic (MHD) pump for the 
intensification of the process is presented. This method allows for the recovery of platinum from catalytic 
converters by collecting them in the liquid metal. The various stages of handling of spent automotive catalysts 
by using the mhd device are shown in Figure 2. 
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Figure 1 Scheme of auto catalytic converters  

 

Figure 2 The various stages of handling of spent automotive catalysts by using the mhd device  

When considering the possibilities of commercialization of the presented solution, it was attempted to describe 
theoretically this issue, based on the methods of numerical computational fluid dynamics and electromagnetic 
phenomena [6], and also an energy balance was developed for this process [7]. The operation of the equipment 
was optimized by increasing its thermal efficiency, which is crucial in view of the profitability of the whole 
process of recovery of platinum-group metals from spent catalytic converters.  

2. DESCRIPTION OF MHD PUMP OPERATION  

The equipment for the recovery of platinum from spent catalytic converters with the use of an electromagnetic 
field is shown in Figure 3. The principle of operation of the MHD pump (magnetohydrodynamic pump) for the 
recovery of platinum consists in placing liquid metal in an annular channel around which there is an inductor 
wound on the core producing a vortex field (Figure 4) having an axis coincident with the axis of the ring. The 
rotating electromagnetic field produces eddy currents in the liquid metal that interact with the electromagnetic 
field of the inductor, and the Lorentz force is generated causing whirling motion of the metal. Placing catalytic 
converters in the so produced flow of liquid metal allows melting platinum, palladium and rhodium from their 
capillaries, and the continuous motion of metal significantly intensifies the process of rinsing out. The solution 
is designed for using of the same metal for flushing a large number of catalytic converters results in the 
appearance of platinum in the solution and then, in an increase of the concentration of platinum to the values 
which guarantee the profitability of their extraction from the liquid metal. The application of a closed circuit of 
lead allow to limit the negative impact of the process on the atmosphere [4].  

The main advantages of this method is that can be used both type of catalytic converters applied in cars: on 
metallic and ceramic carriers, and the operating temperature is much lower than in case of conventional 

• De-canning,
• Extraction of catalysts
• Cutting of the samples

Preparation

• Treatment by using mhd pumpPyrometallurgy

• Dissoliving of Pb,
• Extraction of Pt, Pd and Rh Hydrometallurgy
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methods. The method does not require grinding of spent catalytic converters before the process of rinsing 
platinum out from them.  

 

 

Figure 3 Scheme of installation for recovery of platinum 
from waste generated in the automotive industry  

1 - cooling, 2 - liquid metal, 3 -winding, 4 channel, 5 - 
thermal insulation, 6- controller, 7 - casing, 8 - catalyst, 9 - 

cover 

Figure 4 Scheme of MHD pump for metals 
recovery from spent catalyst carriers: 

1 - winding; 2 - magnetic core; 3 - liquid metal; 
4 - catalyst carriers; 5 - channel 

3. ESTIMATING THE ENERGY EFFICIENCY OF THE MHD PUMP  

The equipment for the recovery of platinum from spent catalytic converters with the use of MHD pump is 
powered by electricity. The parameters for presenting device and process are presented in Table 1. 

Table 1 Parameters of the device using magnetohydrodynamics for the recovery of precious metals from 
    used car catalysts 

Parameters Parameter value 

Power - electricity Power demand  P = 100 W 

Range of Temperature 
Ambient Temperature T1  293 K 

Working Temperature  T2  673 K 

Time The sample of catalysts are faded every t = 300 s 

Mass 

Catalytic converter - average mass of one sample m = 0.24 kg 

Platinum - average content of Pt in one sample 4.3∙10-6 kg 

Lead - average content of Pb circulating in the channel 50 kg 

It has been assumed in the calculations that the catalyst matrix is composed of Al2O3 and it is an inert in this 
process. Based on the computations made with the application of the HSC Chemistry 6 software, a correlation 
of physical increase of enthalpies relevant for Al2O3 and Pt was determined: 

푖(푇) = ∫ (푎 + 푏푇 + 푐푇 +  푑푇 + 푒푇 )푑푇,       (J/kg) (1) 

The coefficients of the correlation equation are shown in Table 2. 
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Table 2 Coefficients of the correlation equation (1) 

No. 
Chemical unit 

a b c d e 

   J/(kg·K)   J/(kg·K-2)   J/(kg·K-3)   J/(kg·K-4)   J/(kg·K-5) 

1 Pt 131.8 0.033 -3·10-5 5·10-8 -4·10-11 

2 Al2O3 707.9 2.05 -0.003 2·10-6 -2·10-9 

The heat absorbed by a portion of the batch during heating up was calculated as a sum of products of masses 
and the physical increases of specific enthalpies from the initial temperature T1 to the temperature of the lead 
bath T2. An average power value P2 was assumed in the energy balance, and it was determined empirically 
with consideration of the duration of the periods between the changes of a new portion of the batch as well as 
the flow of energy needed to heat up the crucible in order to maintain the desired temperature. The heat loss 
to the surroundings through the mirror of molten metal that occurred mainly as a result of convection and 
radiation was also calculated separately [7]. The heat loss to the surroundings Qe (Eq. (2)) was determined 
based on the developed energy balance, and afterwards, it was compared with the heat loss determined in 
the paper [7] in order to adjust the balance [8]: 

푄 = 푃 ∙ 푡 − 푚[푔 ∙ ∆푖 (푇) + (1 − 푔) ∙ ∆푖 (푇)],     (J) (2) 

  
Figure 5 Side view of MHD pump [9] Figure 6 Top view of MHD pump [9] 

To protect the surface of the lead bath against oxidation, argon with a mass flow of 9.91·10-6 kg·s-1 was forced 
into the space between the mirror of the molten metal and the screen. This provided a slight overpressure of 
the inert gas above the surface of metals. The flowing argon was heated from the ambient temperature to the 
temperature close to the temperature of the mirror of the lead bath. The enthalpy flow leaving the space of the 
equipment with heated argon was negligible, approximately 2 W [6]. The most intensive heat loss in MHD 
pump was through the top cover, as shown in Figures 5 and 6 presenting an infrared image. 

A high-temperature plate made of a ceramic fibre with a coefficient of thermal conductivity i = 0.05 W/(m·K), 
which is characterized by high thermal and chemical resistance, was used as the insulating material. The cover 
was made of austenitic steel with a coefficient of thermal conductivity c = 15 W/(m·K), diameter  dc = 0.29, 
surface Ac = 0.066 m2, and thickness c = 210-3 m. Firstly, the coefficient of heat transfer 1 from the lead bath 
to the inner cover surface was to be estimated. Due to a significant share of radiation in the heat loss to the 
surroundings, besides the convective coefficient of heat transfer c, also the radiation coefficient of heat 
transfer r was determined. The measured temperature of bath was T2  673 K, and the temperature of the 
cover was T3  353 K. The ratio of radiant energy exchange for two parallel planes was calculated based on 
the knowledge of the emissivity for the lead bath 1 = 0.28 and the emissivity of the cover 2 = 0.35 [8]. 
Comparing the heat flow flowing to the cover as a result of convection (Newton’s equation) with the heat flow 
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flowing as a result of radiation (Stefan-Boltzmann law), a radiation coefficient of heat transfer was calculated 
and it was r = 6.4 W/(m2·K). Due to the extremely slow flow of argon, an algorithm for natural convection was 
used in the calculations, and an average temperature in the convection flow was Tm1 = 513 K, the determined 
convection coefficient of heat transfer was c = 11.1 W/(m2·K), while the total coefficient of heat transfer from 
the lead bath to the internal cover surface was 1 = 17.5 W/(m2·K). A natural convection was present at the 
outside of MHD pump, and an average temperature of air in the convection flow was Tm2 = 323 K. The 
calculated convection coefficient of heat transfer from the outer cover surface to the air 2 = 5.8 W/(m2·K). 

Loss of heat through the cover as a result of heat transfer was estimated based on the following equation: 

  ,110
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where the thickness of the insulation i was assumed in the range  0 - 0.05 m, and the maximum thermal 
efficiency of the equipment constituted the optimization criterion. Loss of heat for one run cycle (Qe = 236 kJ) 
and the thermal efficiency of MHD pump ( = 28 %) were previously determined [6]. The following 
dependencies were applied for current calculations of the efficiency of the equipment 
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The calculation results of the equipment efficiency in the function of the thickness of the insulation layer are 
shown in Figure 7 [9]. The maximum thickness of the insulation to which it is worth to insulate the cover of 
MHD pump is i = 0.03 m, and the thermal efficiency of the equipment reaches the limit value of  = 36 %.  
The above-specified actions allowed increasing the efficiency of the pump by 8% in comparison to the initial 
state, and further thickening of the insulating layer is unprofitable.   

 
Figure 7 The effect of increasing the thickness of the insulation on the process efficiency 

4. CONCLUSIONS 

1) Recovery of valuable secondary raw materials, such as noble metals (platinum, rhodium or palladium) 
used for production of catalytic convertors is particularly important due to the reduction of the amount of 
waste and protection of environment. 
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2) The use of a magneto-hydro-dynamic pump for the recovery of noble metals is currently an 
experimental, innovative and unique method in the world. 

3) An attempt to increase the thermal efficiency by insulating the cover of the pump was undertaken. As a 
result of the presented calculations, it was found that insulating the cover of MHD pump with an 
insulating layer with a thickness of 0.03 m will allow achieve the maximum thermal efficiency of the 
equipment of 36%, which is higher by 8% in comparison to the initial state. 
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Abstract 

Solid state mixing, such as mechanical alloying (MA), represents technologically reasonable economical 
processing method how to achieve homogenous distribution of hard particles in composite microstructure. The 
advantage of working at ambient temperatures, without a process control agent (PCA), opens new route for 
the preparation of advanced materials. The use of mechanical alloying includes several advantages, namely 
control of the particle size or the compatibilization of hard immiscible blends. The aim of the current work is to 
prepare TiB2 phase dispersion in aluminum matrix using mechano-chemical processing. For this purpose a 
mixture of aluminum, boron trioxide and titanium powders were subjected to high energy ball milling. The 
microstructural and phase analyses of powders particles after different milling times and after addition of 
aluminum (two-step mechanical alloying) was conducted by using scanning electron microscopy (SEM), X-
Ray diffractometry (XRD) and scanning differential calorimetry (DSC). The results indicate that two-step milling 
method led to the production of aluminum matrix composite with a small amount of fine TiB2 particles 
distribution. 

Keywords: Mechanical alloying, aluminum matrix composite, mechano-chemical processing, composite 

1. INTRODUCTION 

Metal matrix composites (MMCs) are materials where hard ceramic and/or intermetallic reinforcement are 
embedded into a ductile metal or metal alloy matrix. MMCs combine best properties of its constituent materials 
i.e. ductility and toughness of metal with high strength of ceramic or intermetallic particles. Aluminum is taken 
as one of the most popular matrix for MMCs. The Al alloys are attractive owing to their low density, their 
capability to be strengthened by precipitation, good corrosion (antioxidation) resistance and high thermal and 
electrical conductivity [1]. 

Mechanical alloying (MA) is a type of high energy processing for solid - state powders, in which elemental or 
alloy powder particles are repeatedly deformed. The MA processing is often used to obtain dispersion-
strengthened aluminum alloys under the presence of a process control agent (PCA). The main role of PCA is 
to establish a balance between fracture and welding of powder particles. A PCA is occasionally added, 
especially when ductile materials are being milled, to minimalize the effect of cold welding and consequent 
formation of large pieces of powder. The MA process involves loading of the blended elemental powders along 
with the grinding medium in a vial and subjecting the mass to deformation. During the milling process, the 
powder particles are repeatedly flattened, cold welded, fractured and re-welded. The processes of cold welding 
and fracturing, their kinetics and predominance at any stage of milling depend on the deformation 
characteristics of the starting powders. The incipient impact of the milling ball causes the ductile metal powders 
to flatten and work-harden. The severe plastic deformation increases the surface to volume ratio of the particles 
and breaks the surface films of adsorbed contaminants. The brittle ceramics or intermetallic powder particles 
are getting fractured and refined [2, 3].During the collision between the milling balls and powder particles, the 
powder morphology can be modified in two ways. In the case the starting powders are soft, the flattened layers 
overlap and form cold welds. This leads to formation of layered composite powder particles composing of 
different combinations of the starting materials. The work-hardened elemental powder particles may be broken 
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at the same time. The competing events of cold welding and fracturing continue repeatedly throughout the 
milling time. Eventually, the steady-state is reached when refined and homogenized microstructure is obtained 
and the chemical composition of the individual powder particles is comparable with the starting ratio of 
elements [4]. 

Mechano-chemical processing (MCP) can be defined as a powder processing technique involving deformation, 
fracturing and cold welding of the particles during repeated collision with a ball during high-energy ball milling 
[5]. The MCP involve loading of the mixed elemental or pre-alloyed powders along with the milling medium in 
a vial and subjecting the material to heavy deformation [6].Most of the mechano-synthesis reactions studied 
have been displacement reactions of the type: 

MO + R → M + RO (1) 

where a metal oxide (MO) is reduced by a more reactive metal (reductant, R) to a pure metal M. Metal chlorides 
or sulfides have also been reduced to pure metals in this this way [2]. 

TiB2 (titanium diboride) is a potential choice as a second phase dispersion for MMC. TiB2 as a refractory 
compound could be an attractive reinforcement for a range of applications possessing high modulus, excellent 
refractory properties and chemical inertness. The thermal expansion behavior of a metal matrix composite is 
influenced by several material parameters such as the type of constituents and their volume fractions, the 
thermal stresses between the constituents due to their coefficient of thermal expansion (CTE) mismatch, and 
the microstructure of composites [7].It was showed that composites with large particles (100 µm) have low 
density and poor thermal conductivity (TC) due to formation of pores at the interfaces [8].This phase is suitable 
as a reinforcing phase for Al based composites because of its thermodynamic stability [9, 10].Moreover, 
TiB2 particles do not react with aluminum, thereby avoiding the formation of brittle reaction products at the 
reinforcement-matrix interface. They can be introduced into the aluminum matrix via casting and powder 
metallurgy (PM) routes. In the casting route, agglomeration of ceramic particulates often occurs during 
processing, leading to poor mechanical strength of the composites. A more uniform distribution of the ceramic 
particles in the Al matrix can be achieved via PM processing [11]. 

In this work, using Al - B2O3 - Ti mixture as precursor materials synthesis of aluminum matrix composites 
powder Al/TiB2 was carried out via mechano-chemical process in high-energy planetary ball mill. Moreover, 
the effect of Al addition during the milling on formation of the MMCs is investigated. 

2. EXPERIMENTAL 

Elemental powders of Al (10 wt.%, particle size 25 - 65 µm, GTV), Ti (62 wt. %, purity 99.5 %, particle size < 
45 µm, Alfa Aesar) and boron trioxide (28 wt.%, purity ≥ 98.5 %, particle size < 200 µm, Sigma Aldrich) were 
used as a starting materials. 

Ball milling of the powder mixture (total weight 49 g) was carried out in a high - energy planetary ball mill (Fritch 
Pullverisette 6) at room temperature and under inert atmosphere (Ar). Milling media/balls were hardened 
chromium steel vial with hardened carbon steel balls (having diameter of 15 mm). The ball - to - powder weight 
ratio was kept to be 10:1. The milling process was interrupted at predetermined time intervals and small amount 
of powder was removed for characterizations. After 20 hrs of milling, additional aluminum powder (73 g) was 
added to the mixture and milling was than carried out for another 20 hours. This procedure has been called as 
two-step milling method. 

Microstructures of powders were examined by using ZEISS Ultra Plus scanning electron microscope (SEM) 
that operated at the accelerating voltage of 10 kV. Since heavy elements can be seen more strongly in back 
scattered electron (BSE) mode comparing to light elements and, they appear to be brighter in the image, the 
BSE mode was utilized to detect contrast between areas with different chemical compositions. Energy 
Dispersive X-Ray Spectrometry (EDS) was also employed to investigate the chemical composition in selected 
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areas. Phase transformation during milling was evaluated based on X - ray diffractions (XRD) of the powder 
samples in a Philips X`Pert diffractometer using filtered Cu Kα radiation (λ = 0.15406 nm). The operation was 
performed at 40 kV and 30 mA over a 2Θ range from 25° to 100°. „PANanalytical X`Pert High Score“ software 
was also employed to compare the XRD profiles with standards compiled by the Joint Committee on Powder 
Diffraction and Standards (JCPDS). 

3. RESULTS AND DISCUSSION 

3.1. XRD analysis and crystalline size 

Figure 1 shows the XRD patterns of the Al - Ti - B2O3 powder mixture with different milling time. As can be 
seen after 2 hours milling the TiB2 phase is created. Another peaks correspond with Ti and peaks with very 
slow intensity corresponding with aluminum. After 10 hours of milling the width of all peaks increased and their 
intensities reduced. This is cause to the refinement of the crystalline size and the enhancement of lattice strains 
during mechanical alloying. The Ti and Al peaks were not shifted during the procedure. This indicate that no 
Ti and Al solid solution was formed. Although the equilibrium solubility of Ti in Al at room temperature is 
insignificant, the solubility of Ti in the Al lattice can be increased up to 3 wt. % using mechanical alloying [12]. 
After addition of another aluminum can be seen mainly signals of Al. 

The composition of the powder mixture after 40 hours of milling was as follow: the TiB2 phase 3 wt. % and the 
crystalline size was 8.2 nm and aluminum was 97 wt.% with crystalline size 43.8. 

 

Figure 1 The XRD patterns of sample milled for 2, 6, 10, 20, 25, 30 and 40 hours 

3.2. Microstructure analysis 

At the beginning of the milling process, the ductile Al and Ti powders have gotten flattened by milling balls 
collisions, while the brittle B2O3 got fragmented. Figure 2 shows a typical powder particle cross - sectional 
micrographs. In Figure 2 (a) powder mixture milled for 2 hours is shown. The EDS analysis (Figure 6) finds 
out that the light grey particle is Ti and the grey color represents Al - Ti solid solution phase. The titanium 
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particles were detected in every stage of the milling process as well as the Al - Ti phase. After 6 hours of milling 
TiB2 phase can be detected. In Figure 2 (b) the very small darkest grey particles represent this phase. The 
TiB2 phase was observed until the end of milling. 

  

Figure 3 A cross-sectional SEM microstructures of powder mixture milled for (a) 2 and (b) 6 hours 

  

Figure 4 The cross-sectional SEM microstructures of powder mixture milled for (c) 10 and (d) 20 hours 

  

Figure 5 The SEM microstructures of powder mixture milled for (e) 25 and (f) 30 hours 
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Figure 3 shows the microstructure of powder mixture after 10 and 20 hours of milling, respectively. In this 
stage of milling the titanium particles in Al - Ti solid solutions can be seen very clearly. These particles are the 
light grey to white. The composite microstructure was refined as a result of the repeated cold welding and 
fracturing of powder particles. 

After 20 hours ball milling, the aluminum powder was added to the pre-milled Al - Ti - TiB2 powder. Milling 
continued for another 20 hours. Figure 4 shows micrographs of powder mixture milled for 25 and 30 hours. 
As can be seen in Figure 4 (e), the Ti particles are present in the Al - Ti matrix. This is also obvious for 
Figure  (f). 

Figure 5 shows the final micrographs after total milling time of 40 hours. The EDS analysis showed that very 
small particles were TiB2 phase. In addition, Ti particles are included in Al - Ti matrix along with TiB2.   

 

Figure 6 A cross - sectional SEM micrographs of powder mixture milled for (g) 40 hours 

In Figure 6 EDS analyses of selected locations are shown in dependence of the milling time (2, 6 and 25 
hours). The EDS results for the milled powder mixtures qualified the Al - Ti solid solution, titanium and TiB2 
particles in different parts of microstructure. Moreless, these EDS results correspond with results from X-ray 
diffractometry.  

 

Figure 7 EDS analysis of selected areas of Al - Ti; titanium and TiB2 
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4. CONCLUSION 

In this work, the possibility of preparation TiB2 phase in aluminum matrix with using mechano-chemical reaction 
in high - energy planetary ball mill was studied. The Al - TiB2 composites can be synthetized from the aluminum, 
titanium and boron trioxides powders. The approach, which was used to obtain aluminum matrix composite 
powder containing TiB2 particles as reinforcement, was two-step milling. In the first step, titanium and boron 
trioxide powders were milled with small amount of aluminum (3 g). Based on the obtained data the milling up 
to the 10 hours led to the formation Al - Ti matrix formed by Ti - Al solid solution with TiB2 particles as a 
reinforcement. With increasing of milling time, the Bragg peaks of Ti, Al and TiB2 became wider. This 
broadening is caused by reduction of the crystalline size. The product of the first stage was than subjected to 
further milling with additional aluminum powder (73 g). During the ball milling the Ti particles were mechanically 
alloyed in the aluminum matrix and the part of Ti particles reacted with boron trioxide and TiB2 phase was 
created. At the end of the milling, 3 wt.% of the TiB2 phase was present in the aluminum matrix.  
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Abstract 

In this work, the effect of processing conditions on microstructure and mechanical properties of Fe-Al-Si alloys 
is studied. The microstructure and mechanical properties during each step of processing consisting of 
mechanical alloying and spark plasma sintering are characterized by means of light microscopy, scanning 
electron microscopy, x-ray diffraction and micro/nano hardness measurements. Effect of mechanical alloying 
conditions (especially milling time) on chemical/phase composition, microstructure and overall mechanical 
properties of spark plasma sintered samples is presented and discussed.   

Keywords: Powder metallurgy, mechanical alloying, spark plasma sintering, iron aluminide, iron silicide 

1. INTRODUCTION 

Increasing need for conserving the strategic elements such as chromium and nickel impels the steel-makers 
to search for an alternative to chromium-alloyed stainless and heat-resistant steels as well as nickel-based 
alloys for corrosive environments and high-temperature applications. Among currently investigated materials, 
the iron-based intermetallics are the most promising materials [1 - 3]. Ternary Fe-Al-Si alloys show quite unique 
properties e.g. excellent corrosion properties in oxidizing and sulfidizing environment, high-temperature 
oxidation resistance and wear resistance [4]. However, these alloys exhibit difficulties with conventional routes 
of processing such as casting and hot and/or cold rolling. 

Another way of processing could be mechanical alloying (MA) which is a powder processing technique that 
allows production of homogeneous materials starting from blended elemental powder mixtures [5]. Mechanical 
alloying involves the severe deformation, repeated cold welding, fracturing and rewelding of a mixture of 
powder particles in a high-energy ball charge. Such an alloy can then be created without melting, the intense 
deformation associated with mechanical alloying can force atoms into positions where they may not prefer to 
be at equilibrium; i.e. the alloy is in a mechanically homogenized non-equilibrium state (mechanical mixture). 
Mechanical alloying allows produce a controlled, extremely fine microstructure. However, subsequent sintering 
of powders at high temperature and long annealing time can lead to the coarsening or even to alloy 
decomposition into thermodynamically more stable phases [6].  

For this reason, it is convenient using of spark plasma sintering (SPS) [7, 8]. In this method, the powder is 
placed between two punches being also two electrodes. Then, high amperage electric current (pulse or direct) 
is passed through the powder seated in the die which is also simultaneously pressed. The powder is heated 
by the electric current and subjected to the pressure. Several unique parameters of this method can be 
reported. Foremost, the very high heating rates, much higher than that of e.g. hot isostatic pressing, can be 
achieved. This leads to high rates of densification whereas the coarsening process is suppressed. Due to the 
short processing time resulting in minimal grain growth of consolidated materials, the method can also be used 
for nano-sized powders [7]. 
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In this work, the effect of processing conditions on microstructure and mechanical properties of Fe-Al-Si alloys 
is presented and discussed. The microstructure and mechanical properties during each step of processing 
consisting of mechanical alloying and spark plasma sintering are characterized by means of light microscopy, 
scanning electron microscopy (SEM), X-ray diffraction (XRD) and micro/nano hardness measurements. 

2. EXPERIMENTAL DETAILS 

2.1. Mechanical alloying 

Composition of the alloy was chosen FeAl20Si20 (wt.%) in order to compare the microstructure and properties 
with alloy previously prepared by reactive sintering [9]. The feedstock material for mechanical alloying 
consisted of Al (Strem Chemicals, purity of 99.7 %), Si (Alfa Aesar, purity of 99.5 %) and Fe (Strem Chemicals, 
purity of 99.9 %) powders, which contained powder particles with average dimensions of 44 μm (Al and Si) 
and 9 μm (Fe), respectively. Powders were blended in appropriate amounts to form 5 g batch mixture which 
was afterwards placed into a steel mould (Retsch PM 100) together with milling balls. Both steel mould and 
milling balls were made from AISI 420 stainless steel. The mould was sealed and flushed for at least 5 min 
with argon to prevent undesirable oxidation during the mechanical alloying. The powder to ball mass ratio was 
set to be 1:15, rotational speed was 400 rpm. The total duration of the process varied from 0.5 to 24 hours. 
During the process, small amounts of mechanically alloyed powders were collected for metallographic and 
XRD analyses in order to determine the present phases and to describe the evolution of phase compositions 
as a function of the total time of the MA.  

2.2. Spark plasma sintering 

The powder was sintered using a FCT Systeme HP D10 device. The tool system placed inside the vacuum 
chamber consists of a graphite punch-and-die unit where the powders are loaded. Both punches are connected 
via graphite protection plates to electrodes. To prevent sticking between the loose powder and the graphite 
parts, these are interspaced by graphite paper. The temperature of the compacting unit is measured by a 
pyrometer located above the punch-and-die unit. The pyrometer is focused on the bottom of a hole going 
through the piston, protection plate and part of the upper punch. An extensive description of the equipment is 
given elsewhere [10]. 

Disc specimens having 20 mm in diameter and height of approximately 8 mm were sintered at 1000 °C. During 
the process, the sample was heated by direct current (DC) at a heating rate of 300 °C/min up to 900 °C with 
subsequent heating rate 100 °C/min up to 1000 °C to minimize the sintering temperature overshoot. After 
reaching the temperature 1000 °C, the sample was compressed by a pressure of 50 MPa. The total time the 
sample remained at 1000 °C was 10 minutes after which a slow cooling step with a cooling speed of 50 °C/min 

was set with simultaneous compaction pressure reduction till the sample reached temperature of 300 °C.  

2.3. Characterization techniques 

Microstructure of powders was characterized after various durations of mechanical alloying as well as after 
final spark plasma sintering. Individual particles of powders after various durations of mechanical alloying were 
embedded in the conductive resin and metallographically polished with final step in 0.04 µm colloidal silica 
suspension (OPS). Samples from SPS sinters were cut by low-speed diamond saw in the central part of the 
sintered cylinders and metallographically polished by standard procedure.  

Microstructural observations were carried out by means of the metallographic microscope Neophot 32 and 
Jeol JSM 5510LV scanning electron microscope equipped with iXRF 5000 energy dispersive X-ray 
spectroscopy analyzer. Phase composition was determined by a PANalytical X'Pert Pro X-ray diffractometer 
with Cu Kα cathode (λ = 1.54059·10-10 m) in Bragg-Brentano geometry. Nanoindentation measurements were 
performed on Anton Paar NHT Nanoindentation Tester with Berkovich indenter using instrumented indentation 
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technique [11, 12]. The results were evaluated according to the ISO 14577 standard [13]. Based on preliminary 
experiments, the load of 5 mN was chosen in order to be able to compare the hardness of individual 
mechanically alloyed powders (not affected by embedding resin) with the hardness of sintered samples. At 
least ten indentations were carried out (in the case of embedded powders in ten different particles) in order to 
assure the statistically representative results. 

3. RESULTS 

3.1. Mechanical alloying 

Microstructure of powders (Figure 1) was characterized after 0 h; 0.5 h; 1 h; 2 h; 3 h; 4 h; 6 h; 8 h; 10 h and 
24 h of milling (mechanical alloying). At the first stage of milling (during the rapid fracturing and cold welding), 
convoluted lamellae can be observed within the particles. With increasing time of milling, lamellae get finer 
and more convoluted along with the beginning of dissolution (Figure 2). Almost complete solid solution 
formation was observed after 4 h of milling. Energy dispersive X-ray spectroscopy revealed that extensive 
increasing of milling time (i.e. 24 h) led to contamination of powders by chromium probably from the milling 
vessel. 

  
3 h at 400 rpm      24 h at 400 rpm 

Figure 1 Particles after milling 5 g of elemental powders at 400 rpm (SEM, back-scattered electron signal) 

  
3 h at 400 rpm      24 h at 400 rpm 

Figure 2 Microstructure of individual particles after milling of elemental powders at 400 rpm for different time 
(SEM, back-scattered electron signal) 
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X-ray diffraction unambiguously detected peaks corresponding to intermetallic phases after 2 h of milling. With 
increasing time of milling (see Figure 3), the amount of intermetallic phases gradually increased until the phase 
composition reached a mixture of Fe3Si and FeSi (supersaturated by Al due to mechanical alloying). 
Mechanical alloying led to peak shift and peak broadening, which can be attributed partly to the formation of 
supersaturated solid solution, significant grain refinement and the change in the lattice parameters induced by 
extensive deformation during MA. 

Nanohardness of particles after milling showed firstly an increasing trend with the milling time (HIT increased 
from HIT = 10.2 ± 2.3 GPa after 1 h of milling to HIT = 15.8 ± 2.1 GPa after 4 h of milling) then it showed slight 
decrease (to HIT = 13.4 ± 2.7 GPa after 24 h of milling) which could probably be associated with the 
contamination of powders by chromium leading to the solid solution softening.  

 
Figure 3 XRD patterns of mechanically alloyed powders after different time of milling at 400 rpm 

3.2. Spark plasma sintering 

Based on the previous results obtained on mechanically alloyed powders after different time of milling, optimum 
condition of MA for spark plasma sintering were chosen, i.e. powders milled 4 h at 400 rpm. Microstructure of 
such spark plasma sintered samples is shown in Figure 4. Energy dispersive X-ray spectroscopy revealed 
only areas with chemical composition close to the nominal (FeAl20Si20 wt.%). Local variations in chemical 
composition can be attributed to the presence of intermetallic phases after milling (as detected by XRD). No 
traces of initial pure powders were found in spark plasma sintered samples.  

Measured nanohardness of SPS samples from powders milled 4 h was in a good agreement with hardness of 
milled powders (HIT = 15.1±1.7 GPa for SPS samples comparing to HIT = 15.8±2.1 GPa of 4 h milled powders), 
which means that mechanical properties were not significantly affected by pre-heating and heating during 
spark plasma sintering. 
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Figure 4 Microstructure of spark plasma sintered samples from powders milled 4 h at 400 rpm  

(left - light microscopy, right - SEM, back-scattered electron signal) 

4. CONCLUSIONS 

The effect of processing conditions on microstructure and mechanical properties of Fe20Al20Si (wt.%) alloys 
was examined. 

The microstructure and mechanical properties during each step of processing consisting of mechanical alloying 
and spark plasma sintering were characterized by:   

 light microscopy,   
 scanning electron microscopy,  
 energy dispersive X-ray spectroscopy,   
 X-ray diffraction,   
 nanoindentation. 

Optimum conditions of mechanical alloying (4 h milling at 400 rpm) were used for spark plasma sintering. 

Correctly spark plasma sintered samples (10 min at 1000 ºC/50 MPa) preserved phase composition and 
mechanical properties of milled powders. 
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Abstract  

In this article, a hot extruded (EX) AZ31 magnesium alloys with a lithium content of 7.5 wt.% and 15 wt.% were 
subjected to severe plastic deformation using Equal Channel Angular Pressing (ECAP) at 250 °C. In order to 
investigate changes in the structure and substructure, light microscopy and scanning microscopy were used. 
The influence of severe plastic deformation was determined by hardness measurement using the Vickers 
method. The results were compared with typical hot extruded alloy AZ31.  

Keywords: Magnesium alloy AZ31, ECAP, hardness, SEM, EBSD 

1. INTRODUCTION 

Magnesium - lithium alloys belong to the group of light materials with a very small density of approximately 
1.35-1.45 g/cm3, which makes these alloys a popular construction material. At the same time, these alloys are 
characterized by relatively low values of the strength characteristic (tensile strength, yield point, hardness). 

Lithium additive has a substantial impact on the increase of the magnesium plasticity, which crystallizes in the 
hcp lattice α, as opposed to lithium, which crystallizes in the bcc lattice β. Lithium thus increases the ability of 
magnesium and its alloys to deform plastically. According to the binary diagram Mg-Li (Figure 1 a) the 
transition between the α and β phases is conditioned by the minimum of 11 wt.% Li (30 at.%). The optimal 
share of the phases α + β ranges between 6.5-10 wt.% (15-30 at.%). Figure 1 b indicates the impact of the 
amount of lithium on the density of the Mg-Li alloy. The amount of lithium also has a major impact on the 
reached plasticity of the given alloy; an alloy of Mg-Li in as cast state, which showed an extension by as much 
as 60% during tensile test [1]. It is known that aluminum has an impact on consolidation of the basic Mg matrix 
and the preservation of good plastic properties thanks to the crystallization of these elements in the bcc lattice 
[1 - 3]. 

One possibility of preparation of structural materials characterized by a low specific mass with simultaneous 
increased strength and preservation of good plasticity of Mg - Li-based alloys is the application of the method 
using severe plastic deformation through ECAP (Equal Channel Angular Pressing). This method uses the 
effect of a high plastic deformation for refining the structure of the deformed material.  

ECAP is currently a popular manner to modify microstructure through refinement of the grain, as during the 
pressing no change of the cross-section of the formed sample takes place and the energy of deformation is 
accumulated inside the formed material. This leads to the start of a grain refinement processes. As it can be 
seen in the scheme of the ECAP (Figure 2), the sample is during the pressing being deformed through 
shearing, which appears in the place of the transition between the vertical and horizontal channel at an angle 
of 90°. Increased density of accumulated dislocations in the material leads to the creation of sub-grains, and 
thus to the disintegration of the former grain. As the sample did not change its cross-section after the transition, 
this process for the achievement of a high level of deformation, and thus final refinement of the microstructure, 
can be "freely" repeated [4 - 5]. 
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Figure 1 Phase equilibrium diagram for Mg-Li alloys (a) and change in density (b) as a function of the 

changing lithium content in Mg-Li alloy [1] 

 
Figure 2 Principle of Equal Channel Angular Pressing method [4] 

Using the validity of the Hall-Petch relation (1), it is possible to quantify the impact of the size of the grain on 
the reached properties of strength of any material processed by the method of severe plastic deformation. 

          (1) 
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Where σy present yield stress, σo stress for overcoming of Peierls-Nabarr friction stress of lattice, k is constant, 
the measure of which is the value of shearing stress necessary for release of accumulated dislocations and d 
present the average grain size. 

The aim of this paper is to define the impact of the amount of lithium (7.5 and 15 wt.%) in the magnesium alloy 
AZ31 on the reached refinement of microstructure and on the hardness of these alloys after forming, using the 
ECAP method. Microstructure analysis is carried out with an optical microscope NEOPHOT 2, and the 
deformed microstructure is analyzed with the electron microscope Inspect F50 (method SEM). 

2. INVESTIGATION PROCEDURE 

2.1. Material 

The experimental materials were provided in a hot-extruded state (at the temperature of 430 °C) from bars of 
40 mm in diameter to a beam of 20 x 20 mm. Extrusion in the default state has a substantial impact on the 
reached refinement of the microstructure prior to the refining process applying the ECAP method, impact on 
the reduction of the necessary number of forming passes ECAP [6 - 7] can thus be expected. 

Table 1 Chemical composition of investigated alloys (wt.%) 

Material Li Al Zn Mn Mg 
AZ31 - 2.96 0.20 0.10 Rest 

AZ31 + Li 7.50 2.80 0.61 0.40 Rest 

AZ31 + Li 15.00 2.90 0.45 0.20 Rest 

2.2. ECAP process 

Forming of experimental magnesium alloys with the use of ECAP method was realized in the laboratory of the 
Department of Mechanical Technology, Faculty of Mechanical Engineering, VSB - Technical University 
of Ostrava at the newly renovated DP2000 hydraulic press (Figure 3). The ECAP processing was realized at 
the temperature 250 °C. At this temperature, the total number of 3 passes was applied in dependence on the 
evolution of extrusion.  

 

Figure 3 Workplace of VSB - TU Ostrava for materials forming by ECAP method 
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2.3. Hardness and microstructural analysis 

The materials processed by ECAP were then divided into individual series for the manufacture of specimens 
for mechanical testing (hardness measurement on the tester HPO 250) and metallographic analysis. The 
samples for metallographic analysis on the light optical microscope NEOPHOT 2 were prepared in a usual 
manner. In the first stage the samples were polished with the use of Al2O3 based polish suspension. In the 
second stage, the polishing was performed with the use of very fine velvet cloth with short fibers. Diamond 
powder with grain size 1 µm was used as the polishing material. Diamond was applied by spraying and cloth 
was regularly wetted by the alcohol-based liquid.  

Detailed studies of experimental materials after ECAP were realized on the scanning microscope (HR-SEM) 
Inspect F50. The SEM sample was prepared by melting, mechanical polishing and etching. 

3. INVESTIGATION RESULTS 

3.1. Structure 

From the analysis of the microstructure of the default state of the given alloys using the optical microscope 
(Figure 4), it can be drawn that the microstructure of all types of alloys shows features characteristic for the 
particular chemical composition and processing. Hot-extrusion in as cast state has an impact on the refining 
of the originally cast grain [7]. 

The microstructure of the AZ31 alloy without any addition of lithium (Figure 4a) comprises basic matrices 
based on the solid solution of magnesium with additional Al and Li. In the grain boundary area, a minor 
intermetallic phase based on Mg17(Al, Zn)12, typical for Mg-Al-Zn alloys, can be observed. Also, the presence 
of Al6Mn-based precipitates can be detected. 

The microstructure of the AZ31 alloy with an additional 7.5 wt.% of lithium (Figure 4b) is characterized by its 
two-phase composition of solid lithium solution in magnesium (α), characterized by its hcp lattice and 
magnesium in lithium (β), characterized by its crystallographic bcc lattice. Also, there is an apparent presence 
of the intermetallic phase AlLi. 

The alloy with 15 wt.% of lithium (Figure 4c) is specific by a presence of a single - phase microstructure of the 
solid solution. 

   
a) b) c) 

Figure 4 Microstructure of alloys - initial state: AZ31 (a), AZ31+7.5 wt.% Li (b), AZ31+15 wt.% Li (c) 

3.2. Structure after ECAP process 

Based on the analysis of the microstructure carried out with the electron microscope SEM (Figure 5), 
conclusions can be drawn, which correspond with the used literature [7-10]. It can be said that after the third 
forming operation applying the ECAP method, the microstructure of the alloy AZ31 + 7.5 wt.% Li was 
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composed of a rough phase of magnesium and LiAl. The alloy containing 15 wt.% of lithium comprises 
a relatively fine phase of magnesium and Li2MgAl. 

   
a) b) c) 

Figure 5 SEM analysis of the tested alloys after 3 ECAP passes: AZ31 (a), AZ31+7.5 wt.% Li (b), 
AZ31+15 wt.% Li (c) 

   
a) b) c) 

Figure 6 EBSD of the tested alloys after 3 ECAP passes: AZ31 (a), AZ31+7.5 wt.% Li (b), AZ31+15 
wt.% Li (c) 

Results of the EBSD analysis of crystallographic orientation of the analyzed alloys after the third pass using 
the ECAP method, presented in Figures 6a - 6c, show refinement of the original microstructure and a 
potentially significant role of dynamic recrystallization in the course of the ECAP process [11]. The 
microstructure of the analyzed alloys appears to be bimodal, showing the existence of minuscule grains, as 
well as an area with a presence of coarse, non-refined part of the structure. The map of crystallographic 
orientation of grains, acquired by the EBSD method, may not clearly indicate the presence of grains/sub-grains 
with a very small angle of disorientation (angles below 1°).  

The average size of the grain in the analyzed alloys is presented in Table 2. The AZ31 alloy without any 
additional lithium, after pressing in the default state, has an average grain size of 18.01 µm. Alloys, which 
contain lithium, have typically a grain size of 28.4 µm in the alloys with 7.5 wt.% of Li, and 31.2 µm with 15% 
of Li. The development of the grain size after the first forming operation by ECAP clearly shows that the original 
grain is disintegrated into small sub-grains. After the third ECAP operation, a microstructure was achieved, 
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which consisted of very small grains with heterogeneous distribution after the analyzed cross-section of the 
metallographic sample. The results of the measuring of the average grain size of all three analyzed alloys 
containing lithium show a higher effect of refinement of the original grain, which can be explained by the impact 
of the bcc lattice that enabled an activation of a higher number of slide systems, and thus a higher level of 
refinement of the original grain in comparison to the alloy crystallizing in the hcp lattice. 

Table 2 Average grain size (by EBSD) of the analyzed alloys (µm) 

Material Initial state 1st ECAP pass 3rd ECAP pass 

AZ31 18.0 6.4 4.2 

AZ31 + 7.5 wt.% Li 28.4 5.1 2.3 

AZ31 + 15 wt.% Li 31.2 8.9 3.5 

3.3. Hardness evaluation 

In order to determinate the structural homogeneity, hardness measurements were performed in the middle of 
the specimen. The Vickers hardness (HV) was measured on a cross-section plane, by imposing a load of 10 kg 
for 20 s. 

Figure 8 shows the results of the hardness measurements of investigated alloys in the initial state (hot 
extruded-EX) and after severe plastic deformation using the ECAP method. It can be observed that the 
specimens are characterized by a homogeneous hardness distribution. It should also be noted that the use of 
intensive plastic deformation results in a hardness increase of approx. 21% (AZ31), 31% (AZ31 + 7.5 wt.% Li) 
and 51% (AZ31 + 15 wt.% Li). 

 
Figure 8 Hardness HV10 investigation of AZ31 (blue line), AZ31+7.5 wt.% Li (red line) and AZ31+15 wt.% 

Li (green line) 

4. CONCLUSIONS 

The paper analyses the impact of the forming method ECAP on the reached refinement of the microstructure 
and a corresponding change of the strength of alloys AZ31, AZ31 + 7.5 wt.% Li, and AZ31 + 15 wt.% Li, which 
were pressed at a temperature of 430 °C in the default state. The initial pressing has an impact on a substantial 
refinement of the initial microstructure when the average grain size after casting is typically approximately 100 
µm. 
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The microstructure of the alloy AZ31 without additional lithium is characterized by a solid solution of aluminum 
in magnesium and by the presence of intermetallic phase Mg17(Al, Zn)12, Mn-Al-based precipitates are also 
present in the microstructure. Alloys containing lithium are characterized by the existence of both phases (α + 
β), which have a considerable impact on the increase of plastic properties of these alloys, and thus on a 
potentially higher refinement of the structure. By using electron microscopy in the analysis of the samples with 
lithium, the existence of precipitates in the area of grain boundaries was proved, which were identified as AlLi 
(in the alloy with 7.5 wt.% of Li) and Li2MgAl in the alloy with additional 15% of lithium, while crystallographic 
parameters of the individual phases of AZ31 + Li alloys were identical. 

The above-mentioned results clearly show a positive impact of the ECAP method on refining of the grain size 
in all types of the tested alloys. During the first pass, a substantial refinement of the grain was achieved, and 
after the third passage, the average grain size was even smaller. However, a fine-grained microstructure 
composed of sub-grains separated by high-angle boundaries (grains with an average size of below 1 µm and 
disorientation angle higher than 12°) was not achieved. We have reached a relatively fine-grained 
microstructure with an average disorientation angle of approximately 10°. It is most probable that the selected 
pressing temperature with the ECAP of 250°C plays a major role in this case. An impact of softening processes 
can be presumed, namely dynamic recrystallization in the course of the ECAP forming process. 

The amount of lithium has a positive impact on the increase of plastic properties of the AZ31 alloy, compared 
to the alloy without added lithium. An impact of the amount of lithium on the potential reduction of the pressing 
temperature of the ECAP method thus increased the efficiency of the refinement of the grain through the 
accumulation of dislocations in the microstructure and their following configuration and creation of sub-grains 
can be expected, therefore these studies shall continue in the following experimental works. 
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Abstract  

The weldability of advanced heat resistant ODS metallic materials in combination with other materials is a prior 
requirement for their wider use in industry energy production. A special case is formed by the requirements of 
the International Thermonuclear Experimental Reactor (ITER) construction, where tungsten alloy needs to be 
incorporated in weld joint.  

Due to heating during conventional welding, the microstructure and properties of the resulting weld joints are 
affected and the joints often become the weakest point of the structure. The electron beam welding with its 
reduced heat affected zone size may be an answer in this as it is one of the few techniques able to melt 
tungsten. The presented article is focused on thorough metallographic evaluation of the structure of 
heterogeneous electron beam welds which combine stabilized tungsten alloy WL10 with MA956 ferritic ODS 
steel. EB welded joints were evaluated by light and analytical electron microscopy including EDS analyses in 
the as-welded. Mechanical properties were evaluated by microhardness profiles. Achieving an appropriate 
structure of such welds and correct welding parameters are crucial aspects for future successful application of 
similar joints. 
Keywords: Electron beam welding, heterogeneous welds, tungsten joining, ODS, diverter first wall   

1. INTRODUCTION  

The construction of fusion reactor, such as the ITER that still is under development (although not as well 
publicized as some years ago) does present almost countless number of materials problems among which the 
joining of different materials forms a specific group [1, 2]. Often the final part that needs to be manufactured 
using joining has to work under extreme circumstances and so has the prospective joint. One of the most 
stressed parts of the toroid space of the reactor is going to be the inner wall lining of the diverter part [3]. Apart 
from carbon-carbon composites, tungsten is usually considered as the material of choice for the first wall tiling. 
This is because it is able to withstand the extreme heat conditions and also has low activation ratio. The first 
wall lining needs to be connected to the second wall that will provide effective heat transfer in order to keep 
the first wall material at bearable temperatures. Very often these heat sinks are expected to be manufactured 
out of some kind of strengthened copper alloy. However also the possibility of using ODS steel has been 
proposed [4, 5]. In such case the question of how the tungsten tile should be connected to the ODS steel 
substrate arises. This has been attempted for example by means of diffusion bonding without any added 
material or by means of brazing when adding lower temperature melting alloy in between the tungsten tile and 
ODS steel substrate [6, 7]. The purpose of the experiments presented in this paper was to evaluate the 
possibility and feasibility of using electron beam welding for joining tungsten alloy and ODS ferritic steel either 
with or without intermediate layer of material [8, 9].  

2. EXPERIMENTAL 

The MA956 was used as the ODS ferritic steel representative and the WL10 as the tungsten material. The 
chemical compositions of each of the materials may be seen in Table 1. The MA956 was purchased in the 
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form of extruded bar of diameter of 18 mm; the WL10 was supplied in the form of individual cylinders 6.3 mm 
wide and 7 mm long. 

Table 1 Chemical composition of the materials by EDS analysis - averaged values (wt.%) 

Alloy Fe Cr Al Ti C Ni Y2O3 W La2O3 

MA 956 bal. 20.0 4.5 0.5 0.05 0.5 0.5 - - 

WL10 - - - - - - - bal. 1.0 

In total, four samples have been manufactured and evaluated. All samples had the geometry of hollow cylinder 
made of MA956 with the dimensions of outer diameter 18 mm, inner diameter of 6.3 mm and height of 7 mm. 
In the hole of this piece the WL10 bulk cylinder of 6.3 mm diameter and 7 mm height was fitted and the whole 
setup was welded using the Universal chamber machine ProBeam K26 with the following parameters 
summarized in Table 2. Samples numbered 1-3 were welded without any added material with different beam 
properties, and preheating step before the welding step. Preheating was done using de-focussed electron 
beam moving rapidly over the sample. Sample 4 was composed with added nickel foil in the interphase. 
Commercially pure Ni of the thickness of 0.05 mm was used. 

Table 2 Parameters of EB welding 

sample combination preheating EB parameters 

1 WL12 - MA956 no 120 kV, 17 mA, speed 15 mm/s, spot 0.35 mm 

2 WL12 - MA956 400 °C 120 kV, 10 mA, speed 15 mm/s, spot 0.35 mm 

3 WL12 - MA956 900 °C 120 kV, 7 mA, speed 15 mm/s, spot 0.35 mm 

4 WL12 -Ni - MA956 no 120 kV, 15 mA, speed 15 mm/s, spot 0.35 mm 

 

Figure 1 Typical view of the samples from the top (left) and bottom (right) of the joint  

After the welding, samples were analysed in the as-welded state. Welds were cut perpendicular to the weld 
and parallel to the sample axis. Metallographic specimens were prepared and microstructure, microhardness 
and chemical profiles were evaluated on each of the samples. Microstructures of the whole weld including the 
base materials were evaluated using light microscopy and scanning electron microscopy. The chemical 
composition was analysed by means of EDS spectroscope. The alloying elements average concentration was 
determined and shown in sequences across the welded joints. The Zeiss Axiovert Z1m light microscope and 
Zeiss UltraPlus SEM with OXFORD analytical complex were used in the analyses. 

2mm 2mm 
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3. EXPERIMENTS RESULTS 

The weld metal of the first three samples was created on the ODS/tungsten interface. While no added material 
was used, generally the microstructure of the weld metal was homogeneous. The average composition of the 
weld metal can be seen in Table 3. The width of the weld zone was below 1 mm in all of the samples and it 
usually contained several pores up to 200 μm size. Typical microstructure of the welds samples 1, 2 and 3 
without added interlayer may be seen on Figure 2. The sample 4 was manufactured with nickel added in the 
joint. Therefore, the chemical composition of the weld of sample 4 contained nickel and can be seen in Table 2 
too. The microstructure does not differ in macroscale as can be seen when comparing Figures 2 and 3. 

  
Figure 2 Microstructure of sample 1 (similar to 

samples 2 and 3 too) 
Figure 3 Microstructure of sample 4 

Chemical profiles across the welds were measured using line EDX analysis. The resulting profiles show good 
homogenization of the weld metal across the whole weld. Typical profile valid for samples 1, 2 and 3 can be 
seen on Figure 4, chemical profile of sample 4 is on Figure 5. Tungsten has dissolved to certain extent in all 
cases in the molten metal although this consists by far majority of iron based ODS matrix metal. This indicates 
that a weld with good metallurgical bond has been created. 

  
Figure 4 Chemical profile of sample 1 (similar to 

samples 2 and 3 too) 
Figure 5 Chemical profile of sample 4 
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Table 3 Average composition of the weld metals by EDS analysis (wt.%) 

Sample No. Fe Cr Al W Ni 

Sample 1 73 20 4 3 - 

Sample 2 73 20 4 3 - 

Sample 3 71 19 5 5 - 

Sample 4 68 18 4 2 7 

The mechanical properties of the weld material were evaluated by means of micro-hardness indentation. Tests 
measured at HV0.5 showed rather smooth profile of values in case of the three samples without added Ni 
material in the weld. Also, the hardness profiles did not differ significantly for the three samples with different 
EB parameters. The hardness of MA956 was below 300 HV0.5 while the weld dropped to 250 HV0.5. The 
change into 400 HV0.5 region in the WL10 material was gradual and no presence of brittle behaviour was 
observed at the indents. In sample 4 where Ni was added in the weld, steep increase of hardness was 
measured reaching 500 HV0.5 however, neither here no brittle behaviour was observed.   

 
Figure 3 Microhardness of the weld area, weld metal noted by the vertical lines 

4. DISCUSSION 

In the group of samples where direct contact between ODS and tungsten has been hit with electron beam and 
welded a homogeneous microstructure with no hardness peak was created. This is promising from the pointy 
of view of practical usefulness of such joining technique [10]. All joints in this group contained some pores, 
which is the consequence of non-optimized welding beam parameters. What needs to be still done is the 
elevated temperature stability evaluation of the weld microstructure [6, 11]. The weld metal consists of majority 
of the remelted steel material and low content of tungsten originating from minor melted area of the WL10 
alloy. The 900°C preheated sample shows the highest content of tungsten in weld metal - 5 wt.%. The sample 
with added nickel foil shows similar behaviour altered by the nickel presence which resulted in higher hardness 
values. This may be due to formation of hard phases during relatively fast cooling. Further phase analysis work 
is planned to understand this behaviour. No effect of the yttrium or lanthanum oxides that are present in the 
joined materials has been found in the weld metal microstructure. Gradual dissolution of tungsten in the weld 
metal has been found in all samples in microscale on the weld metal-tungsten alloy interface. 
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5. CONCLUSIONS 

Four samples of ODS steel and tungsten alloy joints have been welded together using electron beam. All 
samples had formed a weld joint from liquid material combining atoms from the ODS steel and tungsten alloy. 
Therefore the approach proposed here was proved viable for joining ferritic ODS materials and tungsten alloys, 
however further evaluation needs to be focused on microstructural stability at high temperatures and general 
strength of the joints. 
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Abstract 

The effect of Al and Fe substitution in the cobalt sublattices on structural and magnetic properties of 
Tb0.3Dy0.35Ho0.35Co2 compound has been studied. Surface topology features, element and phase 
compositions, temperature dependences of lattices parameters, magnetization, magnetocaloric effects and 
magnetostriction of these multicomponent alloys have been obtained and analyzed. The relationship between 
magnetic properties and micro- and nanoscale structural features of samples was established. 

Keywords: Rare earth intermetallics, substitution, structure, magnetocaloric effect, magnetostriction 

1. INTRODUCTION  

The cubic Laves phases RCo2 compounds (R = rare-earth metal) are characterized by instability of the Co-
sublattice magnetic moments [1, 2] and, as a consequence, characterized by interesting effects that can be 
used in practice. In such compounds in the Curie temperature region, both significant magnetostriction and a 
large magnetocaloric effect (MCE) are observed [3-8]. Using various combinations of rare-earth metals and 
the partial substitution of some metals for Co, one can improve RCo2 properties and to create new functional 
materials based on them [9-13]. The present study is focused on analyzing the surface layer morphology, the 
Curie temperature variations, the magnetocaloric effect, and the magnetostriction induced in RCo2 Laves-
phase samples by partial substitution of cobalt. Three compositions for investigation were chosen, namely, 
Tb0.3Dy0.35Ho0.35Co2, Tb0.3Dy0.35Ho0.35Co1.75Al0.25 and Tb0.3Dy0.35Ho0.35Co1.75Fe0.25. The reason for choosing 
these compounds is possibility to obtain an alloy with compensated magnetic anisotropy, and, consequently, 
to observe all the above-described effects in comparatively weak magnetic fields. Fe and Al were chosen to 
replace Co atoms, because such substitution can increase the Curie temperature of Tb0.3Dy0.35Ho0.35Co2 and 
remove it toward to room temperature. 

2. MATERIALS AND METHODS  

Initial rare-earth components with a reduced concentration of metallic and gas-forming impurities were used 
for melting. For this purpose, terbium, dysprosium, and holmium were subjected to additional vacuum 
distillation [14]. Compounds were synthesized by direct alloying in an electric arc furnace (Leybold- Heraeus) 
in helium atmosphere at an excess pressure of 0.11 MPa in the chamber. Thus, impurity side effects were 
excluded. In order to obtain samples with a homogeneous composition, they were subjected to triple remelting 
with subsequent homogenizing annealing at a temperature of 900 °C for a one month.  

The phase composition of synthesized compounds was monitored before and after annealing by X-ray 
diffraction analysis by Ultima IV (Rigaku) X-ray diffractometer at room temperature. The temperature 
dependent structural study was performed on an X-ray powder diffractometer Supernova (Agilent) using a 
MoK radiation. The temperature of the sample was controlled with non-liquid nitrogen Cobra cryostream from 
Oxford Cryosystems in the range of 120 - 300 K. Diffraction patterns were treated by the Rietveld method 
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using FullProf refinement package. The elemental compositions of the samples were controlled using a REAN 
table X-ray fluorescent energy dispersive analyzer (ZAO “Nauchnye Pribory,” St. Petersburg). An analysis was 
carried out in air at the supply voltage of the X-ray tube of 20 kV using Ti-10 and Cu-40 filters. The surface 
topology of the synthesized RCo2 Laves-phase samples was studied by atomic force microscopy (AFM) using 
a SMENA-A scanning probe microscope (Solver platform, ZAO NT-MDT, Russia) both in semicontact and 
contact modes at room temperature. The obtained AFM images were processed with Nova_1443 and 
Nova_Px 2.0 visualization and analysis software.  

The magnetization was measured using a standard SQUID magnetometer in the temperature range of 4.2 - 
400 K in a magnetic field up to 5 T. The magnetocaloric effect was measured in fields of up to 1.8 T by direct 
method using the MagEq MMS 901 setup (OOO Polimagnit, AMT&C Group, Russia) and indirectly based on 
the most common approach to the determination of the MCE amplitude applying the Maxwell’s equations to 
field dependences of the sample magnetization measured at different temperatures. The magnetostriction in 
the polycrystalline samples was measured by the strain-gauge method in the temperature range 80 - 360 K in 
magnetic fields up to 1.2 T. An external magnetic field was applied along the direction of the measurement of 
the magnetostriction (longitudinal magnetostriction λ||) and perpendicularly to it (transverse magnetostriction  
λ⊥). 

3. RESULTS AND DISCUSSION  

The phase composition of the synthesized compounds was investigated by X-ray phase analysis before and 
after annealing. Studies showed that before annealing, in addition to the main MgCu2 type phase, the samples 
contained some amount of an impurity PuNi3 type phase. As follows from the analysis of the phase diagram, 
this impurity phase is formed because of an incomplete peritectic reaction. X-ray analysis of the samples after 
annealing (Figure 1a) showed that the initial Tb0.3Dy0.35Ho0.35Co2 compound and the 
Tb0.3Dy0.35Ho0.35Co1.75Al0.25 compound with aluminum were single-phase, and the iron-containing 
Tb0.3Dy0.35Ho0.35Co1.75Fe0.25 alloy contained 96% of the main phase. The lattice parameter and the unit cell 
volume were determined (Table 1). The elemental analysis performed shows that the composition of the 
samples prepared corresponds to the nominal composition within the error (e.g., Figure 1b shows the 
Tb0.3Dy0.35Ho0.35Co2 compound X-ray diffraction spectrum with the specified weight percentages of each 
element). 

Temperature-induced X-ray studies indicated that the cubic crystal structure of both compounds is 
rhombohedrically distorted when a transition to a magnetically ordered state occurs. Such distortions can 
correspond either to first or second order transitions [15, 16]. In RCo2, the existence of structure distortion 
would cause a large anisotropic magnetostriction along the magnetization direction. The spontaneous volume 
magnetostriction appeared during the transition from magnetically disordered to the magnetically ordered state 
(near the Curie temperature) can be estimated using relation 

ωs = [Vm(T) - Vp(T)] / Vp(T),           (1) 

where Vm is the unit cell volume at given temperature, and Vp is the unit cell volume in the paramagnetic region. 

Near the transition temperature is found that the spontaneous magnetostriction of the Tb0.3Dy0.35Ho0.35Co2 alloy 
is ~ 4.5·10-3, which is higher than in Tb0.3Dy0.35Ho0.35Co1.75Al0.25 alloy (ωS ≈ 3.6·10-3). The micro- and nanoscale 
analysis of 3D surface relief (Figure 2) provided information regarding the grain structure of the synthesized 
phase, its degree of dispersion, the morphology of individual grains, the phase composition homogeneity, 
defects of the crystal structure and is described in more detail in previously our paper [17]. The size and shape 
of grains were estimated both by analyzing the obtained 2D and 3D cross section profiles and with the Grain 
Analysis software component, which was in good agreement. The average grain size <D> is given in Table 1. 
Spatial anisotropy of the structure was revealed in 3D spatial morphology studies. It should be noted, the alloy 
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with aluminum is stronger than others and prone to agglomeration. As particles with an average diameter of 
143 nm and conglomerates with dimensions of 0.3 - 0.5 in width and up to microns in length is observed. 

  
Figure 1 The room-temperature X-ray diffraction data of all compounds (a) and X-ray spectrum of the 

Tb0.3Dy0.35Ho0.35Co2 compound (b) 

Table 1 Lattice parameter (a), unit cell volume (V), average grain size <D>, spin-reorientation transition  
    temperature (TSR), Curie temperature (TC), magnetic entropy change (-S) and adiabatic  
   temperature change (DTad) at T = TC and 0 H = 1.8 T for Tb0.3Dy0.35Ho0.35Co2-xTx (T = Al, Fe;  
     x =   0, 0.25) compounds 

Alloy a (nm) V (nm3) <D> (nm) TSR (K) TC (K) TC (K) -S (J/kg·K) Tad (K) 

Tb0.3Dy0.35Ho0.35Co2 0.719 0.372 720 80 147 - 8.4 2.7 

Tb0.3Dy0.35Ho0.35Co1.75Al0.25 0.7194 0.372 143 68 163 16 4.3 1.1 

Tb0.3Dy0.35Ho0.35Co1.75Fe0.25 0.7211 0.375 77 55 354 207 1.0 0.9 
 

Tb0.3Dy0.35Ho0.35Co2   Tb0.3Dy0.35Ho0.35Co1.75Al0.25        Tb0.3Dy0.35Ho0.35Co1.75Fe0.25 

Figure 2 3D images of the synthesized RCo2 - type compounds surface 

The thermomagnetic analysis results in a 20 mT magnetic field confirmed that the samples were single-phase. 
In addition, these data allowed us to determine the Curie temperature (TC) and spin-reorientation transition 
temperature (TSR) of the studied compounds as the extremum of the temperature dependence of 
magnetization dM/dT derivative (Table 1). The subsequent aluminum substitution for cobalt, the Curie 
temperature increases by just 16 K; in contrast, the iron substitution for cobalt leads to a substantial (207 K) 
increase in TC. At the same time, with partial replacement of cobalt by aluminum and iron, the spin reorientation 
transition temperature decreases by 12 and 25 K, respectively. 

The thermodynamic coefficients method was used to determine the order of the phase transition from a 
magnetically ordered state to a magnetically disordered one. It was found that the initial compound features a 
first-order transition. Following the partial substitution of cobalt with aluminum or iron, the transition turns into 
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a second-order transition. It is known that the RCo2-type compounds can exhibit significant MCE in the Curie 
temperature region [18-22]. If a compound undergoes a first-order transition substantial heat release or 
absorption can be observed in the transition temperature region in a varying external magnetic field. This effect 
is manifested in a narrow temperature interval. The MCE magnitude at second-order magnetic phase 
transitions is lower, but the effect is observed in a wider temperature range. The MCE magnitude, the wide 
range of operating temperatures, the temperature at which the largest MCE is observed and the possibility of 
its variation are very important for the technical application of such materials. 

  

Figure 3 Temperature variation of MCE in Tb0.3Dy0.35Ho0.35Co2-xTx (T = Al, Fe; x = 0, 0.25) compounds at  
1.8 T (a). Field dependencies of MCE (Inset 3a) and volume magnetostriction (3b) in Tb0.3Dy0.35Ho0.35Co2-xTx 

(T = Al, Fe; x = 0, 0.25) compounds at the Curie temperature 

MCE of the investigated compounds were measured directly under adiabatic conditions, recording the initial 
and final temperatures (Tad) of samples placed in a magnetic field, and indirectly studied previously [6,17, 23-
25]. Figure 3(a) shows the MCE vs. reduced temperature dependencies for Tb0.3Dy0.35Ho0.35Co2, 
Tb0.3Dy0.35Ho0.35Co1.75Al0.25 and Tb0.3Dy0.35Ho0.35Co1.75Fe0.25 compounds measured by a direct method at the 
magnetic field change from 0 to 1.8 T. The partial aluminum and iron substitution for cobalt leads to a significant 
decrease in the value of MCE, but the range of operating temperatures increases. The MCE values obtained 
by direct and indirect method at T = TC and 0 H = 1.8 T are given in the Table 1. The MCE field dependence 
of the Tb0.3Dy0.35Ho0.35Co2 compound in contrast to compounds with aluminum and iron, demonstrates a small 
hysteresis (Figure 3a).  

The longitudinal (λ||) and transverse (λ⊥) magnetostriction of the Tb0.3Dy0.35Ho0.35Co2, 
Tb0.3Dy0.35Ho0.35Co1.75Al0.25 and Tb0.3Dy0.35Ho0.35Co1.75Fe0.25 compounds as functions of temperature and 
applied external magnetic field was studied. The longitudinal magnetostriction of all samples under study is 
positive throughout the temperature range. The transverse magnetostriction is negative at low temperatures, 
its absolute value decreases with increasing temperature, changes sign and assumes a maximum positive 
value near the Curie temperature. The volume and anisotropic magnetostrictions of the studied polycrystalline 
samples were found by the formulas: ω = λ||| + 2 λ⊥ and λanis = 2/3(λ|| - λ⊥). The volume magnetostriction has 
a maximum at the Curie temperature. Figure 3(b) shows the field dependencies of volume magnetostriction 
in Tb0.3Dy0.35Ho0.35Co2-xTx (T = Al, Fe; x = 0, 0.25) compounds at the Curie temperature. It can be seen that 
the volume magnetostriction magnitude of the initial sample and the sample with aluminum is almost an order 
of magnitude greater than in the sample with iron. The Tb0.3Dy0.35Ho0.35Co1.75Al0.25 compound has a maximum 
value of all up to 0.9 T and almost reaches saturation, while volume magnetostriction of Tb0.3Dy0.35Ho0.35Co2 
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continues to grow, reaching 1300 ppm at 8 T [24]. The investigated compounds in the region of the liquid 
nitrogen boiling point have similar values of anisotropic magnetostriction (~ 800 ppm in a magnetic field of 1.2 
T). A giant anisotropy of magnetostriction is observed in these compounds at low temperatures not only as a 
result of localization of 4f-magnetic moment of rare-earth atoms, but also due to the existence of a localized 
part of the spin density of 3d-electrons in cobalt atoms. 

4. CONCLUSION 

The influence of partial substitution of cobalt by aluminum and iron on the structure, magnetic, magnetocaloric 
and magnetostrictive properties of rare-earth Laves phases is investigated in the work on the example of 
multicomponent compound Tb0.3Dy0.35Ho0.35Co2 with compensated magnetic anisotropy in the RE sublattice. 
Single-phase samples of Tb0.3Dy0.35Ho0.35Co2-xTx compounds (T = Al, Fe; x = 0, 0.25) were synthesized and 
studied in a complex manner. It was found that partial substitution (12.5 wt.%) in the 3d sublattice leads both 
to a change in the structure of the compounds and to a significant change in their functional properties, and 
the substitution of iron, in comparison with aluminum, exerts a stronger influence on all the investigated 
parameters. Both types of substitutions lead to an increase in the volume of the unit cell, while the 
rhombohedral distortions of the cubic structure present in the initial compound in the magnetically ordered 
state are conserved. The grain size of substituted compounds decreases. The grains of all compounds, and 
especially of the composition with aluminum, tend to agglomerate. Substitutions in the 3d sublattice lead to a 
decrease in the magnetocaloric effect and volume magnetostriction, but the temperatures of the maximum of 
the observed effects increase significantly, and the operating temperature range increases. These 
circumstances make compounds with partial replacement of cobalt by aluminum and iron promising, for 
example, for use as components of combined working bodies of magnetic refrigerators. 
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Abstract  

The hard magnetic materials play an important role in modern technology, e.g. automotive, electronics and 
many daily use equipment. The overview of statistics indicates that over the next few years the continuous 
increase of their consumption will be observed. Currently, China is the largest importer of rare earth elements, 
from which RE-M (rare earth elements, transition metal) magnets are produced. This situation is inconvenient 
for European countries because of their dependence on the largest producer. That aspect combined with high 
material and production costs makes the investigation into possibilities of effective recycling methods of hard 
magnets a research area of significant importance.  

In the paper the characteristic of magnetic composite material based of RE-M-B (rare earth elements, transition 
metal, boron) powder has been presented. For the research, the new magnetic material had been prepared 
from recycled hard magnetic elements (from electric motors) and the plastic as a binding material. The 
magnetic material characteristic includes, a brief outline of the recovery technology (treatment and processing 
of recycled permanent magnets) as well as a package of materials research analysis. The paper brings the 
opportunities to introduce the hard magnets recycling technology on an industrial scale. 

Keywords: NdFeB magnets, recycling, rare earth elements 

1. INTRODUCTION  

Currently, the magnetic materials occupy an extremely important position in many areas of life, are decisive 
for the existence of modern civilization and its development. Commonly, all known elements and chemical 
compounds based on magnetic properties are classified as magnetic materials. In practice, the most applicable 
are ferrous metals. Among them magnetic hard materials are out standing to be used as permanent magnets. 
Nowadays, the magnetic materials market focuses on rare earth (RE) and transitional (M) metals-based 
materials, thus the allow the creation of permanent magnets with high magnetic properties. Due to a high level 
of magnetic energy of these magnets they give the ability for significant miniaturization of electronic and 
mechanical devices. A variety of technical products contain neodymium magnets, such as speakers, hard 
drives, electric motors and hybrid cars [1]. In connection with the last development of electronics and the 
application of neodymium magnets in electromagnetic motors this kind of material becomes more and more 
common. The use of hybrid engines in cars is the basis for the reduction of harmful gas emissions while, on 
the other hand it contributes to a growth of problematic waste such as the used neodymium magnets. Another 
challenge that is faced by manufacturers of electric motors are resources of these elements that are running 
out and their largest and nearly sole exporter China [2, 3]. Mining of the rare earths is complex and in the 
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process radioactive waste is produced. Currently, only a small part of the neodymium magnets is recovered 
and effective methods of processing of these materials are still being sought. Production of great quantities of 
waste by modern population requires determined action in the form of recycling and reuse of raw materials - 
in particular, this is applied to materials containing rare elements [4 - 9].  

2. EXPERIMENTAL 

Due to the constant increase of electro-waste and growing demand for magnetic materials, in this work the 
preparation of the proposed recycling technology has been presented. This paper consists of the general 
characteristics of magnetic materials (Figure 1), in this case neodymium magnets obtained as a result of the 
dismantling of hybrid engines. The preparatory action is the release of the magnets from a until, in which they 
are fitted with glue residue binder (resin). Demagnetization is possible through a series of thermal processes. 
In the case of the tested neodymium magnets temporary demagnetization has been taken place in 
temperatures approaching 350 °C, which is the so-called Curie temperature (magnetic material looses its 
unique magnetic properties). 

a) b)  c)  
 

Figure 1 Neodymium magnets recovered from electric motors and powder after melting in three different 
times: a) 10 s, b) 15 s, c) 30 s 

Neodymium magnets (RE-M-B-type) are characterized by low corrosion resistance to external environment 
which limits their application and shortens the life of equipment [5]. The low corrosion resistance is related to 
the contents of the chemical elements belonging to rare earth group (up to 30% of the mass in the case of 
neodymium magnets). Magnetic properties of Nd-Fe-B magnets depend on their chemical composition and 
processing technology [10-14]. 

2.1. Material preparation-demagnetization and fragmentation of magnets 

The study has been performed on samples of neodymium magnets in the recycling process of used motors. 
Taking into account the multi-phase structure of the magnets and neodymium high affinity to oxygen, the 
preparation of materials has been conducted in a noble gas atmosphere (Ar). For demagnetization, the 
magnetic material has been heated in an oven to a temperature above the Curie temperature. Subsequently 
grinding in ball mill has been performed, keeping in mind that excessive fragmentation of the powder will 
reduce the magnetic coercivity, which in turn would result in the loss of magnetic properties of the starting 
material [11,12].  

The variable parameter during grinding of the powder was time. The three grinding times have been applied: 
10, 15 and 30 seconds. The milling process has been done at the automatic milling machine. An important 
phenomenon affecting the properties of the material being ground is the alteration of crystallographic structure 
in the case of neodymium magnets. Prolonged grinding leads to deformation of crystalline and to 
recombination of the phase - the crystallographic structure of the ferromagnetic phase is damaged [11-14]. 
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2.2. Research methodology  

In the course of the analysis special caution was maintained during preparation of magnetic materials in order 
to prevent autoignition (spontaneous combustion), which occurs by means of sudden reactions of rare earth 
elements with oxygen [11]. These processes were carried out under the cover of a noble gas of argon. 
Demagnetization temperature did not exceed 360°C, which protected the magnets from a permanent 
demagnetization [13]. In the experimental part a microscopic analysis, the analyses of the chemical 
composition of neodymium magnets from hybrid engines as well as a particle size analysis have been 
presented. 

3. RESULTS AND DISSCUSION 

3.1. Microscopic analysis 

The study was performed on demagnetization samples. The grain boundary and structure were revealed by 
etching the surface with Nital. The composition of the etching substance included: Nitric acid 5 cm3 and 100 
cm3 Ethanol. During the tests of microscopic analysis of the magnetic material three phases were observed. 
As the typical NdFeB-magnets structure consists of three phases: the ferromagnetic phase Nd2Fe14B (Φ) about 
85% of the phase volume, the boron-rich phase NdFe4B4 (η) about 3% and the neodymium-rich phase NdFe 
about 12% mass [16-18]. Neodymium magnets are structured in the multi-phase skeletal manner, i.e. phases 
rich in neodymium fill intergranular areas around grains of Nd2Fe14B phase. Individual phases can be observed 
in Figure 2. 

a)  b)  

Figure 2 The microstructure images of RE-M-B magnetic material recovered from electric motors 

3.2. Chemical composition of the magnetic powder for laboratory tests 

By analyzing the chemical composition the detailed analysis of the content of individual elements has been 
obtained. For chemical analysis was used atomic emission spectroscopy ICP-OES Vista MPX, Varian. Table 1 
shows the results of the analysis of the chemical composition of the RE-M-B alloy. They indicate that the tested 
neodymium magnets, apart from the base alloy component, neodymium (ca. 24%), the presence of other rare 
earth elements was identified Dy (ca. 6%), and Pr as well as Tb. Whereas the Fe substituents in the tested 
alloys are also Co, Al, Pb, Cu and others. Thus in the tested material was identified RE = Nd, Dy, Pr, Tb and 
M = Fe, Co, Al, Pb, Cu. 
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Table 1 The chemical composition of the RE-M-B magnetic material recovered from electric motors  
             - determined with atomic emission spectroscopy 

Chemical 
composition 

Content [%] Chemical  

composition 

Content [ppm] 

B 0.88 Al 3301 

Co 1.03 Ca 129 

Dy 5.37 Cr 116 

Feges 62.06 Cu 985 

Femet 59.29 Mn 291 

Nd 23.56 Pb 1729 

Pr 0.81   

Tb 0.12   

3.3. Particle size analysis 

The powder characteristics have been studied in order to determine the size. The morphology of the powders 
obtained after the shredding process has a significant impact on the technological qualities of powders. The 
analysis has been performed with the use of laser diffractometer HELOS wet, Sympatec in the particle range 
0.1 microns to 8750 microns. The measuring element was placed in the Fourier plane (focal length lenses) set 
of sensors (detectors), to measure the light intensity in the polar coordinates of the high resolution. An analysis 
of transforming images detects repetitive grains, even when regularity is not noticeable to the naked eye. In 
this analysis, the same grains give the characteristic stripes or points, and their intensity is proportional to the 
content. In the process of grinding three groups of powders granulation have been obtained (depending on the 
grinding duration time) - shown in Figure 3. 

 
Figure 3 Results of the particle size analysis in three different milled times of RE-M-B magnetic material 

recovered from electric motors  
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The difference in the size of the obtained powder is definitely noticeable despite the small difference of grinding 
time duration. This is the starting analysis for determination of properties such as the magnetic field strength 
depending on the particle size. 

4. CONCLUSION 

Quantitative and qualitative characteristics of the output obtained by means of recycling of scrapped electric 
motors were the basis for the design of the production process of new eco- RE-M-B magnetic materials. On 
the basis of preliminary research - the study of the chemical composition of powder and particle size distribution 
of powder - can be concluded that it is possible to reuse magnetically RE-M-B hard magnets. This creates an 
opportunity to design an innovative recycling technology of magnetic material based on permanent magnets. 
However, this technology must meet the necessary conditions, which are, from the economic point of view, 
cost- effectiveness and efficiency. 
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Abstract 

As a pyro-metallurgical process, a fluidized-bed process can be employed because of its high transfer rates 
of heat and mass between gas and powder particles. The metal powder production usually needs to be divided 
to a few steps to obtain an efficiency of stepwise control or to solve some operational difficulties. In these 
cases, a multi-stage fluidized-bed system can be used to meet different operating conditions of steps. 
Hydrogen reduction processes of oxides by a two-stage fluidized-bed reactor are investigated in this study for 
the metal powder productions of molybdenum and nickel. For the molybdenum powder production, before the 
hydrogen reduction, a serial use of a single fluidized-bed reactor for the calcination of an ammonium molybdate 
to make a molybdenum oxide, is also investigated. As results, optimal or desirable operational conditions 
(temperature, residence time and gas consumption rate) for each fluidized-bed step are provided, as well as 
the process conceptions of the hydrogen reduction by the two-stage fluidized-bed reactors.  

Keywords: Fluidized-bed, multi-stage, molybdenum oxide, nickel oxide, hydrogen reduction 

1. INTRODUCTION 

Metal powders are usually produced through the reduction of oxidic intermediate powders using reductants 
such as hydrogen gas and CO gas [1]. In the production of molybdenum powder of high purity, ammonium 
molybdates are usually the first intermediates, and are calcined into molybdenum oxides, which are the second 
intermediates, before the reduction. On other hand, in the production of nickel metal powder, nickel oxides are 
usually the intermediates. There are two types of commercial nickel oxide, Nickel (II) and Nickel (III) oxides. 
Nickel (II) oxide is the chemical compound with the formula NiO and is referred to green nickel oxide, whereas 
Nickel (III) oxide is known to have the formula Ni2O3 and referred to black nickel oxide [2]. The green nickel 
oxide is notable as being the only well-characterized oxide of nickel, whereas the black nickel oxide is not well 
characterized [3]. The hydrogen reduction of green nickel oxides has been extensively studied over the past 
decades and many results of kinetic, mechanistic and thermodynamic analyses have been reported. In this 
study, therefore, the hydrogen reduction behavior of the black Ni oxide powder was investigated.  

In gas-solid reaction systems, fluidized-bed reactors are usually employed because of their high transfer rates 
of heat and mass between gas and powder particles. The metal powder production usually needs to be divided 
into a few steps to obtain an efficiency of stepwise control or to solve some operational difficulties. For these 
purposes, a multi-stage fluidized-bed system can be used to meet different operating conditions of steps. There 
have been a lot of investigations on the use of single fluidized-bed reactors, but few studies on the use of the 
multi-stage fluidized-bed systems have been reported due to technical difficulties.  

In this study, the use of fluidized-bed reactors in the calcination and reduction steps will be presented with 
optimal or desirable operation conditions (which have been obtained by a serial of tests using a lab-scale 
fluidized- bed reactor) for each step. In addition, multi-stage fluidized-bed systems to produce molybdenum 
and nickel metal powder from their oxidic mediates will be finally introduced.  
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2. EXPERIMENTAL 

In this study, the ammonium molybdate sample was prepared from a molybdenite concentrate from Chile by 
crystallization after desulfurization and ammonia water leaching, and a commercial black nickel oxide 
concentrate from Vale company was used as a nickel oxide sample. The chemical compositions of the samples 
obtained by XRF (XRF-1700, SHIMADZU, Japan) are given in Table 1. A fluidized bed reactor used in this 
study has an inner diameter of 0.02 m at the lower part and 0.04 m at the upper part, a height of 0.7 m, and 
was made of SUS 310S. Ar gas was used as the inert gas until the oxide sample was preheated to the targeted 
temperature. After every experiment, the specimen was taken out of the fluidized-bed reactor and then was 
characterized by X-ray diffraction (XRD, D/Max 2500, Rigaku, Japan) and scanning electron microscopy (SEM, 
S-2400, HITACHI, Japan). The fractional conversion was identified by EDAX. 

Table 1 Composition (wt.%) of samples used in the study 

Molybdenite Mo S Fe Cu Al Si 

MoS2 41.82 24.92 1.51 1.74 4.01 4.01 

Nickel Oxide Ni O  Fe Ca Mn Si 

Black 80.87 17.86 0.33 0.16 0.45 031 

3. RESULTS AND DISCUSSION 

3.1. Molybdenum metal powder production  

The ammonium molybdate prepared from the molybdenite concentrate had particle sizes ranging 5~100 m, 
an average size of 30 µm, and a tapping density of 2.22 g/cm3, which can be classified as Geldart A. An optimal 
fluidized velocity was found to lie in the range of 0.35÷0.67 m/s at 500 C. When ammonium molybdate is 
heated, ammonium molybdate decomposes in a stepwise procedure and gives off NH3 and H2O, leaving MoO3 
as the final product. The stepwise decomposition is reported in literature as follows; (NH4)6Mo7O244H2O → 
(NH4)4Mo5O17→ (NH4)2Mo4O13 → (NH4)2Mo14O43 → (NH4)2Mo22O67→ MoO3 [4, 5]. According to the analytical 
results of TGA, DTA and XRD (Figure 1) in this study, the stepwise decomposition was observed in the range 
of 110 ÷ 380 C, and finished around 400 C. The experimental results for the fluidized-bed decomposition of 
ammonium molybdate are shown in Figure 2, and optimal conditions are found to be as follows: a temperature 
range of 400 ÷ 500 °C, a residence time of 30 ÷ 40 min, and a specific (air) gas consumption rate of 600 ÷ 700 
Nm3/t-AM. 

 

Figure 1 Decomposition of ammonium molybdate with temperature: a) TGA and DTA, b) XRD pattern 
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Figure 2 Experimental results for the fluidized-bed decomposition of ammonium molybdate: a) effects of 
temperature and residence time, b) effects of specific gas consumption rate 

The next step is the reduction of the decomposed (or calcined) ammonium molybdate, i.e. MoO3. The reduction 
of molybdenum oxide is necessarily carried out in two steps to prevent the defluidization by the sublimation of 
MoO3 at temperatures above about 650 °C and to prevent the formation of coarse metal powder due to the 
presence of water vapor developed during the reaction [1, 6, 7, 8]. In the first stage, molybdenum trioxide is 
reduced at a temperature in the range of 500 ÷ 550 °C to produce molybdenum dioxide (MoO3 + H2  MoO2 
+ H2O), and in the second stage, the molybdenum dioxide begins to reduce to molybdenum in the temperature 
range of 850÷900 °C (MoO2 + 2H2  Mo + 2H2O). In this study, a two-stage reduction by hydrogen of the 
decomposed ammonium molybdate is also examined and the results are shown in Figure 3 and Figure 4. 

 

Figure 3 Experimetal results for the first stage reduction of MoO3: a) XRD pattern in which Mo4O11 phase is 
almost disappeared, b) plot of the minimum residence time versus temperature 

For the first stage, the minimum residence time which is required for the complete disappearance of Mo4O11 
phase (Figure 3a), is plotted versus temperature in Figure 3b, in the temperature range of 500÷550 °C. For 
example, the minimum residence time for the first stage is 45 min at 530°C. In the consideration of amount of 
MoO3 sample (50g) and hydrogen flow rate (2 liter/min), the specific (hydrogen) gas consumption rate per ton 
of MoO3 is in the range of 1200÷2400 Nm3/t-MoO3. For the second stage, the minimum residence time which 
is required for the complete disappearance of MoO2 phase (Figure 4a), is plotted versus temperature in Figure 
4b, in the temperature range of 850÷900 °C. The minimum residence time for the second stage is 45 min at 
900 °C. In consideration of the amount of MoO2 sample (50g) and the hydrogen flow rate (2 liter/min), the 
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specific (hydrogen) gas consumption rate per ton of MoO2 is in the range of 1200÷2400 Nm3/t-MoO2. Using all 
the data above, a multi-stage fluidized-bed process to produce molybdenum metal powder from ammonium 
molybdate can be established shown in Figure 5. 

 
Figure 4 Experimetal results for the second stage reduction of MoO2: a) XRD pattern in which MoO2 phase 

is almost disappeared, b) plot of the minimum residence time versus temperature 

 

Figure 5 Process flow diagram of a multi-stage fluidized-bed system to produce a molybdenum metal 
powder from an ammonium molybdate   

3.2. Nickel metal powder production  

Many investigations have reported on the hydrogen reduction of nickel oxides and some of them have reported 
a sintering phenomenon (pore blocking or particle agglomeration) during the hydrogen reduction at high 
temperatures [9-11]. Jun et al. [10], especially, examined a two-stage reduction process for the production of 
high-purity ultrafine Ni particles (below 10 µm) in a micro-fluidized bed reactor to prevent the defluidization by 
the particle agglomeration. The single- and two-stage reduction processes were also examined in this study 
using a black nickel oxide that has approximately ten times bigger particle size (below 100 µm), and a similar 
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agglomeration phenomenon was observed in single-stage fluidized-bed reduction at a temperature above 
500 °C, as shown in Figure 6a and Figure 6c. This agglomeration phenomenon could be prevented by using 
a two-stage fluidized-bed operation (the first reduction at a low temperature and the second reduction at a high 
temperature) as shown in Figure 6c and Figure 6d.  

 
Figure 6 Reduced black nickel oxide powders : a) single stage at 500 °C and 30 min, b) the first stage at  

400°C and 30 min and the second stage at 600 °C and 40 min, c) single stage at 600 °C and 30 min, d) the 
first stage at 350°C and 30 min and the second stage at 600 °C and 30 min (at the sample amount of 75 g 

and at the hydrogen flow rate of 6 liter/min) 

From the results of this study and the literature survey, optimal (or desirable) operation conditions for a two-
stage fluidized-bed reduction by hydrogen can be established as follows: 1) for the first reduction; a 
temperature range of 350 ÷ 400 °C, a residence time of 30 ÷ 40 min, and a specific (hydrogen) gas 
consumption rate of 1600 ÷ 3200 Nm3/t-NiO, 2) for the second reduction; a temperature range of 550  
÷ 600 °C, a residence time of 20 ÷ 30 min, and a specific (hydrogen) gas consumption rate of 1600 ÷ 2400 
Nm3/t-NiO. 

 

Figure 7 Process flow diagram of a two-stage fluidized-bed system to produce a nickel metal powder  



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1768 

Using all the data above, a two-stage fluidized-bed process to produce nickel metal powder, of which reduction 
degree (i. e. the percentage of the removed oxygen from the total oxygen in the black nickel oxide) is around 
90 %, from a black nickel oxide can be suggested as can be seen in Figure 7. 

4. CONCLUSION 

In this study, the use of multi-stage fluidized-bed systems to produce molybdenum and nickel metal powder 
from their oxidic mediates, was investigated and optimal (or desirable) conditions for each step have been 
obtained by a serial of tests with a lab-scale fluidized- bed reactor.  

For the production of molybdenum metal: 1) for the calcination of ammonium molybdate; a temperature range 
of 400 ÷ 500 °C, a residence time of 30 ÷ 40 min, and a specific (air) gas consumption rate of 600 ÷ 700 Nm3/t-
AM, 2) for the first reduction by hydrogen; a temperature range of 500 ÷ 550 °C, a residence time of 30÷ 60 
min, and a specific (hydrogen) gas consumption rate of 1200 ÷ 2400 Nm3/t-MoO3, 3) for the second reduction 
by hydrogen; a temperature range of 850÷900°C, a residence time of 40 ÷ 50 min, and a specific (hydrogen) 
gas consumption rate of 1200 ÷ 2400 Nm3/t-MoO2 

For the production of nickel metal: 1) for the first reduction by hydrogen; a temperature range of 350÷400 °C, 
a residence time of 30 ÷ 40 min, and a specific (hydrogen) gas consumption rate of 1600 ÷ 3200 Nm3/t-NiO, 
2) for the second reduction by hydrogen; a temperature range of 550 ÷ 600°C, a residence time of 20÷30 min, 
and a specific (hydrogen) gas consumption rate of 1600 ÷ 2400 Nm3/t-NiO. 
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Abstract 

The as-cast Al-Zn-Mg-based alloy with and without Sc, Zr-addition was investigated during isochronal 
annealing from room temperature up to 480 °C. Precipitation reactions were studied by electrical resistometry, 
microhardness measurements and differential scanning calorimetry. These measurements were compared to 
microstructure development that was observed by optical microscopy and transmission and scanning electron 
microscopy. Microstructure observation proved the Zn, Mg-containing eutectic phase at grain boundaries in 
the as-cast state of both alloys. It was also observed that the Sc, Zr-content is not homogeneously distributed 
but concentrated in randomly localized matrix regions and together with Zn and Mg in the particles at grain 
boundaries. The distinct changes in resistivity and microhardness curves as well as in heat flow of the alloys 
studied are mainly caused by dissolution of the Zn, Mg-containing Guinier-Preston (GP) zones and subsequent 
precipitation of the metastable particles from the Al-Zn-Mg system. The hardening effect after isochronal 
annealing at temperatures above ~ 280 °C reflects the Sc, Zr-addition. The eutectic Zn, Mg-containing phase 
partly disappeared during the isochronal annealing above this temperature. Precipitation of the Mn,Fe-
contaning particles was also observed in the alloys. The apparent activation energy values were calculated 
regardless of Sc, Zr- addition as: dissolution of the GP zones (~ 100 kJ/mol) and formation of the metastable 
Zn, Mg-containing particles (~ 100 kJ/mol). Melting of the eutectic phase was observed by differential scanning 
calorimetry at ~ 475 °C. 

Keywords: Electrical resistivity, DSC, TEM, early precipitation stages, Al3(Sc,Zr) phase 

1. INTRODUCTION 

Al- and Mg-based alloys are very preferred for automotive manufacture to produce lightweight vehicles [1-3]. 
A small addition of Sc has a positive impact on mechanical properties of Al-based alloys due to precipitation 
of dispersed Al3Sc particles [1]. An attractive and veritable advantage is that the phase does not change the 
material density and it is unusually stable with respect to coarsening [1]. After designing Al-Sc-Zr-based alloys, 
typically  0.2 wt.% Sc,  0.1 wt.% Zr, an effort was put into investigation of the effect of Sc and Zr addition to 
commercial Al hardenable alloys [1, 4]. A simultaneous addition of Sc and Zr is probably the most effective 
element combination having an antirecrystallization impact in Al due to precipitation of the Al3(Sc,Zr) phase 
with L12 structure [1, 4]. The formation of the Al3(Sc,Zr) nano-precipitates in Al-based alloys have been studied 
in several recent articles using conventional and high-resolution transmission electron microscopy (e.g. Ref. 
[5]). Mechanical properties of the commercial Al-based alloys (AA7xxx series) logically depend on chemical 
composition, mainly on Zn and Mg content and on the heat treatment of the studied alloys [6-9]. Decomposition 
sequence of the Al-Zn-Mg system is known as [6-9]: solid solution → Guinier-Preston (GP) zones → η´ phase 
→ η (MgZn2). Generally, GP zones can be formed as precursors to the metastable η´ phase. The η´-phase 
precipitates play major role on the strengthening effect in the Al-Zn-Mg-based alloy. But the formation of the 
η´ precipitates depends on the alloy composition, artificial ageing temperature, ageing time, heat treatment 
etc. [6, 7]. Despite the fact that the AA7xxx series alloys are some of the most extensively used Al-based alloys 
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[1, 2], relatively few studies have investigated the mechanical and thermal properties of the Al-Mg-Zn-based 
alloys with Sc, Zr-addition. A tailoring of the material with required properties is very difficult without the detailed 
knowledge of precipitation processes and the role of Sc and Zr in microstructure development. 

2. MATERIALS AND METHODS 

The as-cast Al-5.3 wt.% Zn-3.2 wt.% Mg (AlZnMg) and Al-5.3 wt.% Zn-3.2 wt.% Mg-0.2 wt.% Sc-0.1 wt.% Zr 
(AlZnMgScZr) alloys were studied. The temperature ranges of phase transformations in the alloys were 
determined by electrical resistivity and microhardness (HV1) measurements during the isochronal annealing 
with steps of 30 K/30 min from room temperature (RT) up to 480 °C. The annealing was carried out in an oil 
bath (up to 240 °C) or in a furnace with protective atmosphere (at higher temperatures) and each annealing 
step was finished by quenching into liquid nitrogen or water, respectively. The sample was kept in liquid 
nitrogen between measurements to preserve the microstructure developed during the annealing. 

Relative electrical resistivity changes /0 were obtained to within an accuracy of 10-4 (0 is the value of 
resistivity in the initial state). Resistivity was measured by the DC four-point method with a dummy specimen 
in series. The influence of parasitic thermoelectromotive force was suppressed by current reversal. The 
influence of isochronal annealing on mechanical properties was studied using Vickers microhardness 
measurements following the same annealing procedure as in the resistivity measurements. The thermal 
behaviour of the alloys was studied using by differential scanning calorimetry (DSC) performed at heating rates 
of 1, 2, 5, 10, 20 and 30 K·min-1 in the Netzsch DSC 204 F1 Phoenix apparatus. The temperature range of the 
measurements was from RT up to 480 °C at heating rate of 20 K/min and up to 460 °C at the other heating 
rates. A specimen of mass between 10-20 mg was placed in Al2O3 crucibles. Measurements were performed 
without a reference specimen. Nitrogen flowed at the rate of 40 ml/min as a protective atmosphere. 

The measurements mentioned above were compared to microstructure development observed by optical 
microscopy, transmission electron microscopy (TEM) and scanning electron microscopy (SEM). TEM and SEM 
observations were carried out in JOEL JEM 2000FX and MIRA I Schottky FE-SEMH microscopes to determine 
the microstructure of the as-cast alloys, respectively. The analysis of precipitated phases was complemented 
by energy-dispersive spectroscopy (EDS) performed by X-ray BRUKER microanalyser. The specimens for 
TEM and SEM were annealed by the same procedure as those for the electrical resistivity. 

3. RESULTS AND DISCUSSION 

The response of the relative resistivity changes Δρ/ρ0 and microhardness HV1 measurements to step-by-step 
isochronal annealing in the AlZnMg(ScZr) alloys are shown in Figure 1. The initial values of relative resistivity 
were calculated as ~ 27 n·m for the AlZnMg alloy and ~ 30 n·m for the AlZnMgScZr alloy, respectively. 
Higher initial value of the resistivity is probably caused by the Sc and Zr addition and also by higher content of 
the Mn and Fe in the AlZnMgScZr alloy (as detected by EDS). The electrical resistivity curves show significant 
decrease of the Δρ/ρ0 to a minimum at ~ 300 °C. Then the electrical resistivity increases for both alloys. One 
can see a small warp (at ~ 360 °C) which is followed by rapid increase of the relative resistivity up to the initial 
values. The initial microhardness values of the AlZnMg(ScZr) are comparable for both studied alloys HV1  
125 - see Figure 1. At first, the HV1 values slowly decrease to a local minimum at 120 °C. After that the 
microhardness HV1 increases to a maximum at ~ 200 °C. The temperature range of the hardening peak (at ~ 
200 °C) corresponds to the temperature of the fastest decrease of relative resistivity changes. It can be seen 
that the Sc, Zr-addition has almost no effect on microhardness changes up to 270 °C. But after that the HV1 
values of the alloy without the Sc,Zr-addition continually decrease up to 360 °C in contrast to the AlZnMgScZr 
alloy. Difference between AlZnMg and AlZnMgScZr alloy is nearly of the HV1  22. The microhardness HV1 
values of the AlZnMgScZr alloy are almost constant at temperatures after the annealing above ~ 330 °C. 
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Figure 1 Isochronal annealing curves of relative resistivity changes (measured at 78 K) and microhardness 
HV1 changes (measured at RT) with standard deviation 

 
Figure 2 DSC curves in linear heating rate 20 K/min of the AlZnMg(ScZr) alloys up to 480 °C 

Figure 2 shows DSC curves of the AlZnMg(ScZr) alloy at heating rate of 20 K/min up to 480 °C. Both curves 
show similar trend. The first endothermic effect (process I) at ~ 140 °C is followed by significant exothermic 
effect (process II) in the temperature range 200-270 °C. One can see the insignificant exothermic process 
(labelled as III) at ~ 400 °C. 

SEM proved the Zn,Mg-containing eutectic phase at grain boundaries in the as-cast state of both alloys. The 
melting of this eutectic phase was observed at ~ 475 °C in both alloys (see Figure 2). It was also observed in 
the initial state that the Sc,Zr-content in the AlZnMgScZr alloy is not homogeneously distributed but 
concentrated in randomly localized matrix regions and together with Zn and Mg in the particles at grain 
boundaries. 

Generally, ageing processes in the Al alloys of the Al-Zn-Mg-based system are complex and the decomposition 
of saturated solid solutions obtained by quenching takes place in several stages [6-9]. Typically, coherent 
Guinier-Preston (GP) zones and clusters formation precede the formation of the semicoherent intermediate 
precipitates and incoherent equilibrium precipitates. In general, early precipitation stages can be universally 
abundant in Al-based alloys and are known to affect the resistivity and microhardness [1]. Many authors have 
attempted to explain changes of electrical resistivity and microhardness at the beginning of the precipitation 
kinetics in the Al-based alloys due to the formation of the GP zones. From comparison of the isochronal 
annealing and DSC curves up to ~ 150 °C (see Figure 2) it can be concluded that the GP zones are dissolved 
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first. Dissolution of the GP zones leads to the resistivity and microhardness decrease as well as to the 
endothermic effect (labelled as thermal process I). The formation of the GP zones was probably done during 
the cooling of material after casting. The Sc,Zr-addition does not significantly influence the formation of GP 
zones considering small concentration of the Sc,Zr disolved in the matrix (because of the large amount of 
these additions is in the Zn,Mg-rich particles around grain boundaries). 

The main resistivity decreases and microhardness increases in both studied alloys (see Figure 1) in the 
temperature range of 150-300 °C is due to precipitation of the metastable ‘-phase particles. In the Al-Zn-Mg(-
Cu) alloys the metastable ‘ phase is typical hardening phase [6-9]. Figure 3 shows TEM image of the AlZnMg 
alloy isochronally annealed up to 220 °C. Therefore, the significant exothermic effect (process II) in DSC curves 
(see Figure 2) is connected with this process. 

 

Figure 3 TEM image of the AlZnMg alloy isochronally annealed up to 220 °C. See particles of the η´ phase 

After annealing up to 360 °C microstructure observation proved presence of particles of the stable η phase in 
both studied alloys. Moreover, particles with Mn,Fe-content were observed in the AlZnMgScZr alloy. The 
presence of these particles is probably connected with higher content of Mn and Fe addition in the alloy than 
in the AlZnMg alloy. It can be mentioned that the Mn and Fe addition are traditionally contained in commercial 
alloys of the AA7xxx series. Precipitation of the both mentioned phases does not lead to the hardening [6-9]. 
Thus, the hardening effect after isochronal annealing in the AlZnMgScZr alloy at temperatures above ~ 280 
°C probably reflects the Sc,Zr-addition which is typical for the Al-Sc-Zr-based alloys [1, 4, 5]. The particle 
precipitation of the stable η and Mn,Fe-containing particles is probably the reason of the undulating of the 
resistivity curves (Figure 1) and the existence of the process III in the DSC curves (see Figure 2) at these 
temperatures. But this process can be also affected by a weak additional precipitation of the Al3(Sc,Zr) particles 
in the AlZnMgScZr alloy. Annealing above 390 °C also led to the dissolution of the particles from the Al-Zn-Mg 
system. Furthermore, the eutectic Zn,Mg-containing phase partly disappeared during the isochronal annealing 
above this temperature (as it was observed by SEM). It is mainly connected with the resistivity increase above 
~ 360 °C. 

The DSC measurements were done in the alloys in addition to resistometry and microhardness measurements. 
One endothermic effect (process I) and two exothermic effects (process II and III) were detected in the 
samples. The characteristic temperatures Tf of the minimum and maximum heat flow of the process I and II 
for the heating rate of 1 K/min was observed at  115 °C and  185 °C, respectively. The characteristic 
temperature Tf of maximum heat flow of the process III was observed at  370 °C for the alloys at heating rate 
of 2 K/min. This peak was observed at heating rates of 2-20 K/min only. Generally, the thermal response of 
this process was very weak. One can see that the DSC peaks of the process I and II correspond to the 
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resistivity decrease during annealing up to 300 °C - compare Figures 1 and 2. The temperatures Tf shifted to 
higher temperatures with increasing heating rate. On the basis of the obtained results, the apparent activation 
energy for individual processes (Figure 4) by the Kissinger method [10] can be determined: QI = (105 ± 20) 
kJ·mol-1, QII = (107 ± 10) kJ·mol-1 and QIII = (150 ± 30) kJ·mol-1 for the processes I-III, respectively. 

 

Figure 4 Kissinger plot in the coordinate system of [ln(/Tf
2); 1/Tf] of the heat effects in the AlZnMg(ScZr) 

alloys,  is the linear heating rate [K·s-1] ; Tf is the peak temperature of DSC trace for particular heat effects 

The calculated range of the activation energy of the dissolution of the GP zones in our work (85 - 125 kJ·mol-
1) is higher than that for the GP zones formation (~ 60 kJ·mol-1 [7]) in the Al-Mg-Zn-based alloys. The obtained 
value is comparable to the diffusion activation energies of both Zn and Mg in Al of ~ 120 kJ·mol-1 [7]. The 
obtained average activation energy of '-phase precipitation calculated as ~ 107 kJ·mol-1 is lower than the 
diffusion energies of both Zn and Mg in Al. The value agrees within accuracy with the apparent activation 
energy for precipitation of the '-phase (80-100 kJ·mol-1) determined in the Al-Zn-Mg-based alloys after ageing 
at various temperatures [7]. The activation energy of the process III was obtained as (150 ± 30) kJ·mol-1. The 
determined activation energy QIII is close to the activation energies associated with -phase particles 
precipitation reported for this precipitation (~ 113 kJ·mol-1 and/or ~ 138 kJ·mol-1) [7]. The calculated activation 
energy of the process III is encumbered by a big scatter due to the small thermal response. The observed 
slight exothermic effect can also correspond successively to concurrence of several processes. Unfortunately, 
the activation energy must be identified with individual nucleation and growth steps in a transformation. Owing 
to the developed overlapped peaks, the exact positions of the beginning and end of the peaks cannot be 
precisely determined. Thus, the analysis of the activation energy of the process III in the studied alloys 
becomes uncertain. 

4. CONCLUSIONS 

Results of characterization of the Al-Zn-Mg and of the Al-Zn-Mg-Sc-Zr alloys by electrical resistometry, thermal 
analysis, microhardness testing and electron microscopy, can be summarized in the following points:  
 Microstructure observation proved the Zn, Mg-containing eutectic phase at grain boundaries in the as-

cast state of both alloys. The eutectic phase partly dissolved during the isochronal annealing above ~ 
400 °C. Melting of the eutectic phase was observed by differential scanning calorimetry at ~ 475 °C. 
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 The distinct changes in resistivity and microhardness curves as well as in heat flow of the alloys studied 
are mainly caused by dissolution of the Zn,Mg-containing Guiner-Preston (GP) zones and subsequent 
precipitation of the metastable particles from the Al-Zn-Mg system. 

 The hardening effect after isochronal annealing at temperatures above ~ 280 °C reflects the Sc,Zr-
addition. Precipitation of the Mn,Fe-contaning particles was also observed in the AlZnMgScZr alloy. 

 The apparent activation energy values were calculated regardless of Sc,Zr-addition as: dissolution of 
the GP zones (105 ± 20 kJ·mol-1) and formation of the metastable Zn, Mg-containing particles (107 ± 10 
kJ·mol-1). 
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Abstract 

Currently, many attempts have been taken to enhance the coercivity and reduce the heavy rare-earth 
consumption of Nd-Fe-B sintered magnets simultaneously. Some progresses have been made in efforts to 
introduce Dy and/or Tb in many forms, namely, oxides, fluorides, hydrides, intermetallic compounds and alloys. 
The Tb3Co0.6Cu0.4 composition was suggested to apply it as the efficient addition in manufacturing sintered 
Nd-Fe-B-based magnets. The alloy was prepared by arc melting in purified argon atmosphere, annealed at 
600 C for 90 h and subsequently subjected to hydrogenation. The phase composition and structure of the 
initial and hydrogenated alloy were studied by electron microscopy, electron microprobe and X-ray diffraction 
analyses. The in part substitution of copper for cobalt does not change the orthorhombic Fe3C-type structure 
(space group Pnma) of the Tb3Co compound. The copper solubility in the Tb3Co and Tb12Co7 compounds was 
determined and the lattice parameters of the compositions were estimated. During hydrogenation, the 
Tb3Co0.6Cu0.4 composition was shown to decompose into TbH2-3 hydride and fine dispersed (Co, Cu) mixture. 
Additions of the hydrogenated compound to Nd-Fe-B-based sintered magnets (the initial composition (wt.%) 
is Nd-24.0, Pr-6.5, Dy-0.5, B-1.0, Al-0.2, Fe-balance was prepared by strip-casting technique and subjected 
to hydrogen decrepitation) allow us to manufacture magnets with Br = 1.35 T and jHc = 1336 kA/m. 

Keywords: Co-Cu-Tb intermetallics, microstructure, hydrogenation, Nd-Fe-B magnets 

1. INTRODUCTION 

Currently, many attempts have been taken to enhance the coercivity and reduce the heavy rare-earth 
consumption of Nd-Fe-B sintered magnets simultaneously. Some progresses have been made in efforts to 
introduce Dy and/or Tb in many forms, namely, oxides, fluorides, hydrides, intermetallic compounds and alloys. 
In using many of the additions to powder mixtures for Nd-Fe-B sintered magnets, approaches named as grain 
boundary diffusion [1-3] and grain boundary restructuring [4-6] are realized. The application of binary mixtures 
allows one to improve the structure of boundary phases and grain boundaries of the main magnetic phase and 
to realize the diffusion of required component of alloy directly through boundaries. It has been demonstrated 
that through controlling the process time and temperature in GBDP, the coercivity of the magnet can be greatly 
enhanced without sacrificing of remanence. 
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The alloying of the basic Nd-Fe-B composition with rare-earth metals added in the form of hydrides, which 
allows the improvement of hysteretic properties to be reached, was reported in [7-10]. It was shown previously 
that the used Tb and Dy hydride additions allow us to increase both the coercive force without sacrificing of 
remanence [9] and increase the stability of properties of magnets during low-temperature annealing [10]. 

The grain boundary restructuring with rare-earth-rich low-melting compounds added to base low-alloyed Nd-
Fe-B-based compositions in the course of technological processing was realized in [4] with (Pr,Nd)6Fe13Cu, 
[5] with Dy32.5Fe62Cu5.5, [6] with Dy69Ni31, [11] with Dy88Mn12 (wt.% ) composition, [12] with Pr34.4Co65.6 (wt. 
%), and [13] with Dy82.3Co17.7 (wt.%) that is the low-melting eutectic composition. It was shown that intrinsic 
coercivity increases obviously with the addition of Dy82.3Co17.7 and the maximum intrinsic coercivity is obtained 
when the content of Dy82.3Co17.7 was 2 wt.%. At the same time, the remanence and maximum energy product 
decrease slightly with the increase of Dy82.3Co17.7. By adding a small amount of Dy82.3Co17.7, the coercivity is 
improved greatly, and the irreversible loss is decreased sharply. The increase of Curie temperature suggests 
that Co atoms have entered into the 2:14:1 main phase. Microstructural analysis indicates that a well-
developed core-shell structure was formed in the magnets with the addition of Dy82.3Co17.7. In all cases in using 
compositions with a heavy rare-earth metal, it was enriched in the outer region of the Nd2Fe14B matrix grains 
during the sintering process, which favored to substitute for Nd in matrix grains to form the (Nd,Dy)2Fe14B core-
shell phase. 

The aim of this paper is to study the structure and phase composition of Tb3Co0.6Cu0.4 alloys, which can be 
used as additions to Nd-Fe-B sintered magnets and allow their magnetic properties to be increased. 

2. EXPERIMENTAL 

The base alloy having the composition (wt.%) Nd-24.0, Pr-6.5, Dy-0.5, B-1.0, Al-0.2, Fe-balance was prepared 
by strip-casting technique and subjected to hydrogen decrepitation during heating to 270 °C in a hydrogen flow 
at a pressure of 0.1 MPa and subsequent 1 h holding at this temperature [9]. The Tb3Co0.6Cu0.4 alloy was 
prepared by arc melting of starting components in an argon atmosphere on a water-cold copper bottom using 
a nonconsumable tungsten electrode. The ingot was subjected to homogenizing annealing at 600 °C for 90 h 
(the analogous annealing conditions were used in [14]). After that, the ingot was subjected to hydrogenation 
in two regimes: (regime 1) conditions applied for the strip-casting alloy, namely, the heating to 270 °C in a 
hydrogen flow at a pressure of 0.1 MPa and subsequent 1 h holding at this temperature, and (regime 2) 
stepped heating in hydrogen atmosphere and holding at 200 °C and 500 °C (Figure 1) in a glass Sieverts-
type apparatus were used. In the case of stepped heating, the hydrogenation up to the Tb3Co0.6Cu0.4Hx 
composition with x = 7.65 was realized. We assume that such an hydrogen content corresponds to the 
complete hydrogenation of terbium to a terbium hydride.  

 

Figure 1 Schedule of hydrogenation of Tb3Co0.6Cu0.4 alloy 
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The mixture of the hydrogen-decrepitated strip-casting alloy and Tb3Co0.6Cu0.4 alloy hydrogenated under the 
conditions used for the strip-casting was subjected to fine milling for 40 min to an average particle size of 3 μm 
using a vibratory mill and isopropyl alcohol medium. After wet compaction of the pulp in a transverse magnetic 
field of 1500 kA/m, blanks of magnets were sintered at Т = 1080 °C for 2 h and subjected to optimum heat 
treatment at 500 °C for 2 h. The following subsequent low-temperature stepped heat treatments were used 
(LHT): 900 °C  --- 400 °C; 500 °C --- 400 °C, 20 °C → (40 min) → 500 °C (20 min) → (6 h) → 400 °C (10 h). 

Magnetic properties of magnets were studied at room temperature in magnetic fields of to 240 kA/m using a 
MN-50 hysteresigraph and a closed magnetic circuit. 

The structure and phase composition of the annealed and hydrogenated Tb3Co0.6Cu0.4 alloy were studied by 
X-ray diffraction (XRD) analysis using a Ultima IV (Rigaku», Japan) diffractometer equipped with a "D/teX" 
detector, CuKα radiation, and 2θ = 3-70º angular range; the scanning step is 0.001º. The structure and chemical 
composition of phases formed in the annealed Tb3Co0.6Cu0.4 alloy were studied by optical microscopy using 
AxioLabA1 (Carl Zeiss) microscope and the high-resolution field emission gun-scanning electron microscope 
QUANTA 450 FEG equipped with an EDX APOLLO X microprobe. 

3. RESULTS AND DISCUSSION 

Figure 2 shows results of metallographic analysis (unetched section) of the Tb3Co0.6Cu0.4 alloy subjected to 
homogenizing annealing. As is seen, the structure of the alloy is two-phase; the second phase is represented 
by regular inclusions. 

 a  b 

Figure 2 Microstructure of the Tb3Co0.6Cu0.4 alloy subjected to homogenizing annealing:  
(a) optical microscopy and (b) SEM: 1 - Tb3(Co,Cu), 2 - Tb(Co,Cu), 3 - Tb12(Co,Cu)7 

According to X-ray diffraction data of the Tb3Co0.6Cu0.4 alloy (Figure 3), the matrix phase is the Tb3Co-based 
composition. As is seen, the in part substitution of copper for cobalt does not change the orthorhombic Fe3C-
type structure (space group Pnma) of the Tb3Co compound. The presence of Tb(Cu,Co) was also confirmed 
by the X-ray diffraction data. 

The orthorhombic Fe3C-type structure of Tb3Co0.6Cu0.4 alloy means that Tb atoms occupy sites of Fe atoms in 
the crystal lattice. Tb atoms form octahedral with Co atom located at their center. The in part substitution of 
copper for cobalt does not change the orthorhombic Fe3C-type structure (space group Pnma) of the Tb3Co 
compound, but changes its lattice parameters. The lattice parameters of the Tb3Co compound are a = 0.6978 
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nm, b = 0.9397 nm, c = 0.6272 nm [15]. The lattice parameters of the Tb3Co0.6Cu0.4 composition were estimated 
by X-ray diffraction; they are varied a = 0.6929 - 0.6962 nm b = 0.946 - 0.9658 nm, and с = 0.6296 - 0.6320 
nm. As is seen, the substitution of Cu for Co changes the lattice parameters: the lattice parameters b and c 
increase because the radius of Cu atoms (0.128 nm) is higher than that of Co atoms (0.125 nm). However, the 
decrease of the lattice parameter a takes place. This is likely to be due to the fact that copper atoms substitute 
for cobalt atoms only in certain positions.  

 
Figure 3 X-ray diffraction patterns for the Tb3Co0.6Cu0.4 alloy after homogenizing annealing; bar diagrams for 

identified phases are shown (bottom) 

The microstructure of the Tb3Co0.6Cu0.4 alloy and chemical composition of found phases were studied by SEM 
and EDX microprobe analysis (Figure 2). The following phases were found: Tb3(Co,Cu) matrix (point 1), 
Tb(Cu,Co) inclusions (point 2), and Tb12(Co,Cu)7 fine inclusions (point 3). The content of the latter phase is 
very low (it cannot be found by X-ray diffraction analysis). According to the electron microprobe analysis data, 
the composition of the matrix phase is variable Tb3(Co1-xCux) with x = 0.25-0.4; the composition of regular grey 
inclusions correspond to the Tb(Cu1-yCoy) composition with y = 0.05-0.2. The Tb12(Co,Cu)7 was found can 
contain copper up to the composition Tb12(Co1-zCuz) with z = 0.4. Variations of the composition of the matrix 
Tb3Co-based phase correspond to the observed variations of the lattice parameters of the phase. 

The formation of the 3:1 and 12:7 phase corresponds to the binary Co-Tb system phase diagram, whereas the 
1:1 phase corresponds to the binary Cu-Tb phase diagram [16]. We assume that the solidification of the alloy 
occurs via the primary formation of Tb3Co-based phase by peritectic reaction; the TbCu-based compound is 
the secondary phase. According to the Co-Tb phase diagram, the solidification path can include the formation 
of the Tb12Co7-based compound by peritectic reaction. 

Figure 4 shows the X-ray diffraction pattern for the Tb3Co0.6Cu0.4 compound hydrogenated in regime 1. As is 
seen, after hydrogenation, the TbH2 and TbH3 hydrides are the main phases, i.e. the hydrogenolysis takes 
place. A small amount of the Tb3Co0.6Cu0.4 matrix phase also is present. However, reflections corresponding 
to cobalt and copper are not distinguishable. Probably, an ultrafine-grained (Co+Cu) mixture is formed. 
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Figure 4 X-ray diffraction patterns for the Tb3Co0.6Cu0.4 alloy after hydrogenation in regime 1; bar diagrams 

for identified phases are shown (bottom) 

Figures 5 a, b shows results of stepped hydrogenation of Tb3Co0.6Cu0.4 in regime 2. After stepped heating in 
hydrogen atmosphere and prolonged holding at 200 °C and 500 °C, we observed the presence of only the 
TbH2 and TbH3 hydrides. The detailed examination of the X-ray pattern allowed us to find the presence of 
broadened reflections of cobalt and copper (Figure 5b), which can be present in the form of fine-grained 
mixture. It should be noted that only the most intense reflections of Co and Cu are resolved (Co: 2 = 47.44°, 
(101); Cu: 2 = 43.30°, (111). 

 
(a)                            (b) 

Figure 5 (a) X-ray pattern of the Tb3Co0.6Cu0.4 alloy hydrogenated in regime 2 and (b) a portion of the X-ray 
diffraction pattern for the angular range 2 = 30-50° 

The possibility of disproportionation or hydrogenolysis process in the Co-Pr system for the Pr(Co,Cu)5 
composition was demonstrated in [17]. The formation of PrH2-3 hydride and Co+Cu mixture (identified based 
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on clear reflections of Co and Cu) was observed. It was noted that no hydrogen-induced amorphization was 
found in this system. 

Table 1 shows data on magnetic properties of sintered magnets prepared with 2 wt.% hydrogenated addition 
Tb3Co0.6Cu0.4, which are compared with those obtained for sintered magnets prepared with 2 wt.% TbH2 [9]. It 
should be noted that the magnetic properties of the magnets prepared with the hydrogenated Tb3Co0.6Cu0.4 
addition are higher than those in the case of TbH2 [9]. One of possible causes for the increase is the less 
oxidated state of additions in the case of intermetallic compound. The other possible cause is the improve 
wettability of Nd2Fe14B-phase grains with grain-boundary phases alloyed with cobalt and copper. 

Table 1 Magnetic properties of sintered magnets prepared with 2 wt.% Tb3Co0.6Cu0.4Hx (with x = ~2)  
    and subjected to optimum heat treatment at 500 °C for 2 h and subsequent low-temperature  
    treatment 900 °C --- 400 °C; 500 °C --- 400 °C, 20 °C → (40 min) → 500 °C (20 min) → (6 h) →  
    400 °C (10 h) 

Addition / Annealing conditions Br (Т) jHc (kА/m) Hk (kА/m) BHmax (kJ/m3) 

Tb3Co0.6Cu0.4Hx \ optimum 1.35 1336 1200 360 

TbH2 / optimum 1.30 1520 1440 332 

Tb3Co0.6Cu0.4Hx / optimum + low-temperature  1.35 1480   

Studies of the stability of structure-sensitive parameter of sintered magnets, namely, the coercive force jHc to 
the low-temperature heat treatments (annealing at temperatures below the optimum heat-treatment 
temperature (500 C), such studies are performed in estimating the time and temperature stability of magnets 
during their operation) show the increase in the coercive force (Table 1) up to 1480 kA/m in the case of 
hydrogenated Tb3Co0.6Cu0.4 addition. This fact is not typical of sintered NdFeB magnets, which usually 
demonstrates the drop (or constancy) of the coercive force after low-temperature heat treatments at 350-
450 C. 

4. CONCLUSION 

The phase composition of the Tb3Co0.6Cu0.4 alloy in the initial homogenized and hydrogenated states was 
studied. The alloy in the homogenized state contains Tb3(Co,Cu) matrix phase, Tb(Cu,Co) inclusions, and 
Tb12(Co,Cu)7 fine inclusions. During hydrogenation of the three-phase alloy, the disproportionation or 
hydrogenolysis process takes place, which, whatever the three-phase composition of initial alloy, results in the 
formation of TbH2-3 hydride and fine (Co+Cu) mixture. The use of the hydrogenated Tb3Co0.6Cu0.4Hx addition 
to the powder mixture for manufacturing of sintered permanent magnets allows us to increase their magnetic 
characteristics. The increase in the hysteretic properties of magnets is related to the combined grain-boundary 
diffusion and grain-boundary restructuring effect realized with the hydrogenated Tb3Co0.6Cu0.4 alloy addition. 
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Abstract 

The work is devoted to the development of technology for obtaining and studying the physicochemical 
characteristics of oxide coatings of noble (IrO2, RuO2), rare earth (Ta, Nb, Ce) metals, and TiO2, SnO2 based 
on a titanium, that has undergone the primary chemistry. 

Important technological characteristics (adhesion, roughness) which show the principal possibility of using the 
obtained samples as anode materials for the electrolysis of aqueous solutions for the purpose of purifying 
wastewater or the production of sodium hypochlorite as a reagent were determined. Studies conducted by the 
XPS, obtained microphotographs and surface profiles confirm the prospect of using these oxide coatings as 
electrode materials.  

The electrochemical characteristics we studied make it possible to determine the field of application of the 
obtained electrodes more accurately for the reaction of chlorine and oxygen evolution with RuO2 and IrO2. 

Keywords: Ruthenium oxide, cerium oxide, iridium oxide, tin oxide, titanium oxide 

1. INTRODUCTION 

Because of their chemical resistance in aqueous and non-aqueous electrolytes, catalytic activity, high 
developed surface and developed production technology, oxides of noble (IrO2, RuO2), rare earth (CeO2) 
metals and TiO2, MnO2, PbO2, SnO2, Co3O4 have found wide application in high-tech industries (energy 
sources and energy transducers, electrode materials, catalysis, etc.) [1- 4]. 

The phase and elemental composition, electrical conductivity, disperse properties, the degree of oxidation of 
the metal, the presence of impurities and active forms of oxygen in the near-surface layer of the oxide have 
an influence on the resulting physicochemical and electrocatalytic properties. The electrodes including IrO2 
and RuO2 arouse interest. They have a high activity in many electrochemical processes. The work on this 
subject is being carried out around the world [5 - 8].  

2. EXPERIMENTAL MATERIALS 

The samples were produced in the scientific laboratory "New electrochemical technologies and materials" of 
the Technopark "Ecohimbiznes-2000" of the D. Mendeleev University of Chemical Technology of Russia. The 
methodology of production was well-tested earlier [1].  

Titanium ingots of BT-1-0 grade were subjected to the abrasive-jet treatment in a KSO 60-I to increase the 
surface roughness and remove titanium oxides. Subsequently, the samples were degreased in a solution of 
1M KOH and etched in an 18% solution of hydrochloric acid at 80 °C.  

After preparatory processes the samples were thoroughly washed with distilled water and covered with coating 
solutions containing titanium, tin and noble metal chlorides. Further, the samples were oven-dried in SHS-80-
01-SPU/350C, and then calcined for 30 minutes in an electric furnace SNOL at 350 °C. The final layer was 
calcined for 45 minutes at 420 °C. Thus the oxides of these metals are forming.  
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The coating solutions were prepared by mixing the chlorides of Ru, Ir, Sn, Ce with 0.9M concentration and a 
solution of 1.66M titanium chloride within proportions with the addition of a small volume of a mixture solution 
of butanol and isopropanol.  

The adhesion of the obtained coating to the titanium base was determined on the device Elcometer 107 and 
tested on a PosiTest AT-M 20mm, the gloss was determined by the instrument Elcometer 480, the roughness 
- with the profilometer mitutoyo Surftest sj-310. 

The electrochemical characteristics of the samples were measured on a potentiostat-galvanostat "P-30J". 

XPS was conducted in an ultrahigh vacuum of 6.9·10-8 Pa on an X-ray photoelectron spectrometer «PHI 
Quantera» («Physical Electronics», USA). 

The photomicrographs of the surface of the obtained samples were made with a scanning electron microscope 
JEOL 1610LV (JEOL, Japan) and in the D. Mendeleyev CCU. 

The surface morphology was studied using an atomic force microscope INTEGRA Prima (NT-MDT, Russia). 
ScanMode - semicontact, cantilever - NSG10. 

3. EXPERIMENTAL WORK 

After testing the manufacturing technology, a pilot batch of electrodes was produced. Further these ones were 
investigated and tested (samples 2 - 4). The classical ORTA anode was used as a reference sample 
(sample 1). The composition of the samples is shown in Table 1. 

Table 1 Effect of the coating composition on the physicochemical characteristics of electrodes based  
    on four-valence metal oxides: titanium, ruthenium, iridium, cerium and tin 

№ 
Coating composition Roughness 

(μm) 

Glossiness 

RuO2 IrO2 SnO2 CeO2 20° 60° 85° 

1 35 - - - 1.0 - 1.2 0.7 2.5 3.1 

2 17.5 17.5 - - 1.1 - 1.3 0.4 2.2 2.8 

3 17.5 - 17.5 - 0.75 - 0.85 0.9 3.5 12.6 

4 17.5 - - 17.5 0.91 - 0.96 0.7 2.5 6.5 

The effect of a larger replacement of ruthenium on cerium and tin was studied further in samples 3 and 4. The 
densification of cerium to 25% (the reducing the concentration of ruthenium up to 10%) contributes to an 
roughness increase to 0.93-1.08 μm, in contrast to tin which significantly reduces it to 0.53-0.56 μm. 

The obtained values of the roughness for reference sample №1 - ORTA (DSA) and manufactured electrode 
samples were very similar, but values for ruthenium oxide were a bit higher. 

The samples had a good adhesion (value - 0), which confirms the reliable adhesion of the metal-oxide coating 
with titanium base. 

It was found that the samples with cerium oxides were similar in reflecting properties with reference sample 
based on ruthenium oxide, but the sample with tin had differs significantly, especially at a high direction angle 
of the light ray. 

Since an extremely important characteristic of the resulting coatings was the developed surface, the 3D surface 
studies were performed and photomicrographs were taken. The results are shown in Figures 1  
and 2. 
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Figure 1 Surface morphology CeO2 and SnO2 

 

Figure 2 Photographs of SEM of obtained oxide coatings 

The electrochemical studies were carried out to confirm that the resulting electrodes have a highly developed 
surface, and can have catalytic activity [3]. The results are shown in Table 2. 

Table 2 Electrochemical characteristics 

№ 

Coating composition Characteristics 

RuO2 IrO2 SnO2 CeO2 
Ei = 0 in 10 min (mV) I at Е = 1.4 V (mА/cm2) 

NaCl Na2SO4 NaCl Na2SO4 

1 35 - - - 267 362 0.1 0.005 

2 17.5 17.5 - - 247 445 0.5 0.08 

3 17.5 - 17.5 - 443 430 0.05 0.01 

4 17.5 - - 17.5 563 380 0.29 0.07 

Experimental conditions: CNaCl, CNa2SO4 - 1 M, τ - 10 min. 

Electrode with RuO2 and IrO2 has the highest activity of chlorine and oxygen evolution. The effect of a larger 
replacement of ruthenium on cerium and tin on the electrochemical parameters was studied in samples 3 and 
4. The densification of cerium to 25% (the reducing the concentration of ruthenium up to 10%) increases the 
currentless potential in a solution of 1M Na2SO4, and reduces it in 1M NaCl. 

The obtained electrochemical characteristics indicate that it’s possible to principally substitution expensive 
ruthenium for cheaper tin or cerium for some electrochemical processes, which don’t possess high 
aggressiveness (for example, waste water treatment). The photoemission spectra of the samples are shown 
in Figure 3. 

RuO2    CeO2   SnO2    IrO2 
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Figure 3 Photoemission spectra of the samples 

The data obtained earlier for samples 1 and 2 are presented for comparison [1]. They contain non-
stoichiometric titanium oxides, but the degree of titanium oxidation in them is sharply different: in sample №1 
is found TiO1,33, in sample №2 - TiO1.7. The first corresponds to Ti2O3, the second corresponds to Ti3O5.  

In the sample №3 studied in this work a solid solution of Ti2O3 with O2 + RuO2 non-stoichiometry is located in 
the layer up to 50 nm. TiO2 is located on the surface, then Ti3+ is seen at a depth of 50 nm, the XPS lines with 
an energy of 530 eV peak of the presence of RuO2. Also on the surface Sn2+ was found. Sn2+ is shifting into 
Sn0 at a depth, Sn4+ was not detected at all.  

In the sample №4 the solid solution of TiO2 with oxygen and ruthenium oxides non-stoichiometric is placed on 
the surface. There were no other titanium oxides except (IV). On the surface a mixture of about 90% RuO4 
with an admixture of about 10% RuO2 is present. With a deepening it splits into a mixture of 52% RuO4 and 
48% Ru0. 

Unlike the sample with tin (№3), where oxygen is not established separately, the oxygen on the surface in 
hydroxyl group of OH- passes into O2- at the depth. 

There is a doublet of two peaks of 887 and 905 eV from Ce4+ on the surface, then they disappear at a depth 
of 50 nm and there are three peaks (882 eV, 886 eV and 904 eV) from mixture of Ce2O3 and CeO2, in which 
Ce2O3 is predominated. 
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CONCLUSION 

Thus, the studies conducted by the XPS have given a greater understanding of the nature of the formed oxide 
coating. More interesting mixtures from the catalytic point of view are formed, but not stoichiometric relations 
(for example, Ce (III) and Ce (IV)) [7]. 

Researches of physical-chemical and electrochemical properties of titanium electrodes coated with oxides of 
Ti, Ru, Ir, Sn, Ce were conducted. They showed the potential possibility of their use for the treatment of 
wastewater by electrolysis [2] and some other electrochemical applications [1, 8]. The obtained data are 
undoubtedly interest from a practical point of view, because such systems are finding increasing use in 
chemical engineering and technology [9 - 11]. 
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Abstract 

Microstructure and properties of joints of titanium and C45 non-alloy quality steel performed using aluminum, 
copper and nickel foils as interlayers were evaluated in the study. The process was carried out in vacuum in 
the temperature 600, 900 and 950 C for 60 min for Al, Cu and Ni filler metals, respectively. The effect of used 
filler metal on the joints microstructure, composition, hardness and tensile properties were analyzed by means 
of optical and scanning electron microscopy (SEM), electron probe microanalyses and mechanical tests. When 
aluminum was used as a filler metal FeAl2, Fe2Al5, FeAl3, TiAl3, TiAl2 and TiAl intermetallic phases were formed. 
When copper was used as a filler metal, the phases present in joint were: Fe2Ti, FeTi, Cu3Ti2, Cu4Ti3, CuTi and 
CuTi2 containing additionally small amounts of Fe. When nickel was used as a filler metal at the steel/nickel 
interface Fe2Ti and FeTi were formed due to diffusion of Ti through nickel layer. At the nickel/titanium interface, 
the layer of NiTi2 was observed and the irregular shaped particles of Ni3Ti. The maximum hardness values in 
the range of HV 506 to 870 were achieved at the steel/aluminum interface due to the presence of the Fe2Al5 
and FeAl3 intermetallic phases. The maximum hardness values at the metal/titanium interface were achieved 
for nickel filler metal due to the presence of the NiTi2 and Ni3Ti intermetallic phases and they were in the range 
of HV 380 to 480. The maximum bond tensile strength was obtained for copper filler metal and averagely was 
245 MPa, with 4.2% elongation. 

Keywords: Titanium, carbon steel, microstructure, mechanical properties  

1. INTRODUCTION 

Titanium is fairly expensive metal but has good erosion and corrosion resistance and very high specific 
strength. It led to an interest in joining titanium to steel for many practical applications [1-3]. The solubility of 
iron in alpha titanium at room temperature is very low therefore welding of titanium and steel is very difficult. 
When titanium is welded with steel the brittle intermetallic phases such as FeTi and Fe2Ti form near the 
interface. Regrettably they prevent the production of technically usable welds [4]. Other method to achieve 
strong joints of titanium to steel is brazing since it involves melting of the filler metal only. It may eliminate 
problems that occur when dissimilar metals are joined. In order to braze titanium many different pure filler 
metals can be used and also copper base alloys, titanium base alloys and silver base alloys [5, 6]. To avoid 
the intrusion of detrimental impurities such oxygen and nitrogen, it is mandatory to braze titanium in vacuum 
[7]. Unfortunately, such reactive metal as titanium reacts easily with liquid filler materials and forms intermetallic 
phases that are located as continuous layers on braze boundaries [1]. Very useful method of joining different 
materials is diffusion bonding that produces solid-state coalescence through the application of pressure at a 
temperature below the melting point of the joined materials [8, 9]. Unfortunately also joints produced by direct 
diffusion bonding between titanium and steel show the formation of brittle FeTi, Fe2Ti and Fe2Ti4O phases in 
the diffusion interface [2, 3]. It seems that the effective way to obtain strong joints of titanium to steel is diffusion 
bonding with an appropriate filler metal. Aluminum, copper and nickel are good candidates. They have a low 
price and their melting points are lower with respect to joined metals. As reported He et al. [10], titanium and 
stainless steel can be successfully diffusion bonded with an aluminum alloy interlayer in the temperature range 
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from 350 to 600 C. The benefit of the diffusion bonding using copper relies on the fact that through proper 
process optimization it is possible to prevent the formation of the injurious eutectoid layer that is brittle and 
could degrade properties [11]. In the present work, non-alloy quality steel and titanium rods were joined by 
diffusion bonding with the use of aluminum, copper and nickel as interlayers. The microstructure and 
mechanical properties of obtained joints were evaluated.    

2. EXPERIMENTAL PROCEDURE 

Cylindrical Grade 2 titanium and C45 non-alloy quality steel rods both having 8 mm diameter were cut into 30-
mm-long specimens. Chemical compositions and room-temperature mechanical properties of base materials 
are given in Table 1. 

Table 1 Chemical compositions and mechanical properties of the base materials  

Materials 
Chemical compositoion (wt.%) 

Fe Ti C Cr Ni Mn Si O Mo N H P + S 

Titanium 0.171 bal. 0.024 - - - - 0.142 - 0.008 0.001 - 

C45 bal. - 0.43 0.28 0.14 0.75 0.35 - 0.12 0.053 - 0.06 

 Yield strength (MPa) UTS (MPa) Elongation (%) 

Titanium 350 420 38 

C45 302 572 15 

The joining surfaces of the cylinders were prepared by conventional techniques using several stages of 
grinding papers and polished on 1 m diamond suspension. The aluminum, copper and nickel foils of 0.1 mm 
thickness (99.95 % Al, 99.99 % Cu and 99.91 % Ni) were used as intermediate metals. Both surfaces of the 
foils were polished on diamond suspension and then there were cut circular profiles having 8 mm diameter. 
The carbon steel cylinders, copper and nickel foils were etched in an aqueous 5% solution of HNO3, while the 
titanium cylinders and aluminum foil in an aqueous 2% solution of HF. All specimens were cleaned in acetone 
and dried rapidly in air. The joined titanium and carbon steel cylinders with inserted interlayers were kept in 
contact in a steel clamp. After that the samples together with the fixture were placed into a vacuum furnace. 
The compressive stress of 2 MPa along the longitudinal direction was applied at room temperature using a 
specially constructed piston installed in the vacuum furnace to obtain good initial contact between titanium, 
steel and filler metals. The diffusion bonding using aluminum, copper and nickel foils was carried out for 60 
minutes in 10-3 Pa vacuum at 600, 900 and 950 C, respectively. The specimens after diffusion bonding were 
cut longitudinally, mounted in a cold setting resin, mechanically prepared initially with a grade 1000 abrasive 
paper and finally using Struers polishing machine and 1 m diamond suspension. Microstructural observations 
were performed using a JEOL JMS-5400 scanning electron microscope (SEM) and a Nikon ECLIPSE MA 200 
optical microscope. Before the samples were examined with the optical microscope they had been etched. 
The titanium side and intermetallics containing aluminum or nickel were etched in an aqueous solution of 88 
ml H2O, 8 ml HNO3 and 4 ml HF. The carbon steel side was etched by a solution containing 2 ml HNO3 and 
100 ml C2H5OH. A mixture containing 20 g CrO3, 75 ml H2O, and 5 ml HNO3 was used for etching intermetallics 
comprising copper. The chemical compositions of the phases were determined in atomic percent using an 
electron probe microanalyser Oxford Instruments ISIS-300. Composition of the phases was ascertained by 
comparing the results of the microprobe analysis with the data in the ternary Al-Ti-Fe, Cu-Ti-Fe and Ni-Ti-Fe 
phase diagrams [12-14]. The microhardness along the cross-section of the diffusion bonded joints was 
performed by a Matsuzawa MMT tester under load of 0.981 N with a testing time of 15 s. Tensile strength of 
the bonded joints was evaluated at room temperature using an AMSLER screw machine at a crosshead speed 
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of 0.5 mmmin-1. The reported mechanical properties of the investigated joints are average values of three 
specimens that were tested at each processing parameter. 

3. RESULTS AND DISCUSSION 

3.1. Effect of used filler metal on joints microstructure and composition 

Microstructural examinations showed that titanium and carbon steel join independently which of the filler metal 
was used. They join through the formation of interface layers between steel/aluminum, steel/copper or 
steel/nickel on one side and aluminum/titanium, copper/titanium or nickel/titanium on the other side, 
respectively, as a result of the diffusion of metallic elements. The example cross-sections of the joints are 
shown in Figure 1. 

   

 

Figure 1 Optical micrographs of the joints prepared using (a) aluminum, (b) copper and  
(c) nickel fillers 
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Figure 2 SEM images of the (a) steel/aluminum, (b) aluminum/titanium interface 

According to the chemical analyses and the Al-Fe-Ti ternary phase diagram [12], it can be assumed that the 
phases present in the form of layers at the steel/aluminum interface are FeAl2 (65.14 at.% Al and 34.86 at.% 
Fe), Fe2Al5 (72.44 at.% Al and 27.56 at.% Fe) and FeAl3 (75.19 at.% Al and 24.81 at.% Fe) (Figure 2a). At the 
aluminum/titanium interface, the thin layers of TiAl3 (74.22 at. % Al and 25.78 at.% Ti) , TiAl2 (67.25 at.% Al 
and 32.75 at.% Ti) and TiAl (52.13 at. % Al and 47.87 at.% Ti) have been identified (Figure 2b). The results 
of chemical analyses (0.63 at.% Fe and 0.27 at.% Ti) shown that central region of joints contains only the solid 
solution of iron and titanium in aluminum (  

Chemical analyses and the Cu-Ti-Fe ternary phase diagram [13] suggest that the phases present at the 
steel/copper interface are Fe2Ti (31.24 at.% Ti, 65.47 at.% Fe and 3.29 at.% Cu) and FeTi (45.57 at.% Ti, 
47.21 at.% Fe and 7.22 at.% Cu) with an amount of Cu admixture (Figure 3a). The phases present at the 
copper/titanium interface are Cu3Ti2 (40.02 at.% Ti, 2.14 at.% Fe and 57.84 at.% Cu), Cu4Ti3 (42.91 at.% Ti, 
1.34 at.% Fe and 55.75 at.% Cu), CuTi (49.56 at.% Ti, 0.78 at.% Fe and 49.66 at.% Cu) and CuTi2 (66.17 at.% 
Ti, 0.25 at.% Fe and 33.58 at.% Cu) containing additionally small amounts of Fe (Figure 3b). The phases 
present in the middle of joints are mostly Cu-Ti-based intermetallics and solid solutions based on copper.  

   

Figure 3 SEM images of the (a) steel/copper, (b) copper/titanium interface 
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Figure 4 SEM images of the (a) steel/nickel, (b) nickel/titanium interface 

According to the chemical analyses and the Ni-Fe-Ti ternary phase diagram [14], it was identified that the 
phases present in the form of layers at the steel/nickel interface are Fe2Ti (32.25 at.% Ti, 64.17 at.% Fe and 
3.58 at.% Ni) and FeTi (49.35 at.% Ti, 48.74 at.% Fe and 1.91 at.% Ni) with an amount of Ni admixture 
(Figure 4a). At the nickel/titanium interface, the thin layer of NiTi2 (67.41 at.% Ti and 32.59 at.% Ni) has been 
observed. Additionally the irregular shaped particles of Ni3Ti (24.96 at.% Ti and 75.04 at.% Ni) have been 
noticed in Ni-based solid solution (matrix (5.14 at.% Ti, 7.28 at.% Fe and 87.58 at.% Ni) (Figure 4b). 

3.2. Effect of used filler metal on hardness of bonded joints 

Results of hardness measurements performed for all obtained joints are given in Table 2. 

Table 2 Results of hardness HV measurements under 0.981 N loading 

Filler metal Steel/metal interface Middle of the joint Metal/titanium interface 

Aluminum 506-870 28-44 210-230 

Copper 450-580 125-180 270-330 

Nickel 430-510 145-160 380-480 

The maximum hardness values in the range of HV 506 to 870 were achieved at the steel/aluminum interface 
due to the presence of the Fe2Al5 and FeAl3 intermetallic phases. The maximum hardness values at the 
metal/titanium interface were achieved for nickel filler metal due to the presence of the NiTi2 and Ni3Ti 
intermetallic phases and they were in the range of HV 380 to 480. The minimum hardness values in the middle 
of the joints were achieved for aluminum filler metal. They were in the range of HV 28 to 44. In comparison, 
the values of hardness for used carbon steel and titanium were HV 120-370 and HV 115, respectively.    

3.3. Effect of used filler metal on tensile properties of bonded joints 

The room temperature tensile properties of the diffusion bonded joints with the change in bonding filler metal 
are shown in Table 3. 
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Table 3 Tensile properties of the diffusion bonded joints performed using different filler metals  

Filler metal Tensile strength (MPa) Fracture elongation (%)  
Aluminum 105 5.6 

Copper 245 4.2 
Nickel 165 4.6 

The maximum bond tensile strength was obtained for copper filler metal and averagely was 245 MPa, with 
4.2% elongation. According to Eroglu et al. [15] the Cu-Ti base intermetallic phases have higher plasticity than 
Fe-Ti and Fe-Al base intermetallics and are less detrimental to properties of joints. On the other hand, at the 
higher temperatures the mass transfer of the alloying elements across the interface encourages sudden 
increase in the volume fraction of brittle reaction products. The lowest tensile strength obtained for aluminum 
can be explained by the fact that not all aluminum converted into intermetallics. The tensile strength of the joint 
was as the matter of fact the tensile strength of the remaining aluminum. The fracture surface of the specimen 
joined using aluminum was featureless with the presence of voids. Fracture surfaces for specimens joined 
using copper and nickel was brittle with existence of cleavage pattern and discontinuities. As reported Iijima 
et al. [16] this could be explained owning to the fast diffusion rate of Ti in comparison to Cu and Ni. Titanium 
atoms moves faster across the interface, which creates imbalance in flux transfer, and therefore discontinuities 
are formed in the reaction zone. The considerable body of work devoted to the mechanical behavior aspects, 
mechanisms of damage evolution and fracture behavior of the titanium/stainless steel joints have been carried 
out by Szwed et al. [17].        

4. CONCLUSION 

1) Diffusion bonding of titanium to C45 non-alloy quality steel using aluminum, copper or nickel foils as 
interlayers can be properly carried out resulting in joints with good repeatable quality.  

2) When aluminum is used as a filler metal at the steel/aluminum interface FeAl2, Fe2Al5 and FeAl3 are 
formed in the form of layers and at the aluminum/titanium interface, the thin layers of TiAl3, TiAl2 and 
TiAl can be identified. The central region of joints contains the solid solution of iron and titanium in 
aluminum. 

3) When copper is used as a filler metal at the steel/copper interface Fe2Ti and FeTi with an amount of Cu 
admixture and at the copper/titanium interface layers of Cu3Ti2, Cu4Ti3, CuTi and CuTi2 containing 
additionally small amounts of Fe are formed. The phases present in the middle of joints are mostly Cu-
Ti-based intermetallics and solid solutions based on copper. 

4) When nickel is used as a filler metal at the steel/nickel interface Fe2Ti and FeTi with an amount of Ni 
admixture are formed. At the nickel/titanium interface, the thin layer of NiTi2 can be observed with the 
irregular shaped particles of Ni3Ti. The central region of joints contains nickel-based solid solution. 

5) The maximum hardness values in the range of 506 to 870 HV are at the steel/aluminum interface due 
to the presence of the hard Fe2Al5 and FeAl3 intermetallic phases. The maximum hardness values at 
the metal/titanium interface were achieved for nickel filler metal due to the presence of the NiTi2 and 
Ni3Ti intermetallic phases and they are in the range of 380 to 480 HV.  

6) The maximum tensile strength of the joint is for copper filler metal and averagely is 245 MPa, with 4.2% 
elongation. 
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Abstract 

The characteristics of cast aluminum alloys are shown in the paper with particular emphasis put on AlSi7Mg 
alloy and method of silumin modification. Heat treatments have been described to enhance the mechanical 
properties of cast aluminum alloy. The work presents the melting process, modification and casting of the 
AlSi7Mg alloy by gravity method and squeeze casting. The paper describes the influence of solution heat 
treatment and ageing treatment to mechanical properties of AK7 silumin. Based on the research, it has been 
found that squeeze casting ensures the production of high-quality AlSi7Mg casting alloy. Modification with 
strontium improves the strength properties and significantly increases the elongation of gravity castings - the 
relative increase of A5 in these castings has reached about 40 %. In all tested castings the treatments of 
solution heat and ageing have increased the strength of the material by 33-40 MPa. A combination of 
modification, heat treatment and squeeze casting allows to manufacture of AlSi7Mg alloy with high mechanical 
properties, Rm = 280 MPa, Rp0.2 = 190 MPa, A5 = 16 %. 

Keywords: Squeeze casting, aluminum alloys, mechanical properties 

1. INTRODUCTION 

Aluminum, due to its properties such as corrosion resistance, electrical and thermal conductivity and significant 
plasticity, is often used as one of the most important technical metals used in the form of pure metal as well 
as its alloys. Aluminum alloys are characterized by a high ratio of durability to specific gravity, higher than in 
the case of steel, and their resilience does not decrease as the temperature drops, resulting in higher resilience 
than steel at low temperatures. Aluminum alloys, however, are characterized by low fatigue resistance. 

The AlSi7Mg alloy is one of the types of hypoeutectic silumin containing less than 10 wt.% Si. The presence 
of magnesium in this alloy allows perform heat treatment - precipitation hardening, which in turn increases the 
mechanical properties of this alloy. The mechanical properties of the alloy depend on the method of adding 
water and the heat treatment applied [1].  

The heat treatment of aluminum alloys is primarily aimed at increasing their strength properties, and consists 
of their hardening dispersion, i.e., subsequent performance of the operation of supersaturation of a solid and 
aging solution. AlSi7Mg alloys undergo aging processes that are associated with the Al-Mg2Si pseudo-triple 
system [2]. With the growth of magnesium content, the tensile strength increases, increase of the yield point 
and the hardness, while elongation decreases. The state of alloy modification depends on temperature, 
soaking time, and accelerated aging parameters. The goal of supersaturation is to homogenize and enrich the 
solid solution with Mg and Si, and to reconstruct the skeleton that was formed by eutectic silicon in the cast 
structure [3].  

The squeeze casting process offers many advantages over other casting methods under the influence of 
external pressure. This method gives the possibility to produce castings with a precise representation of the 
shape and surface, with yield of metal up to 95 %. The elements produced by this method are characterized 
by a highly-fragmented structure, devoid of porosity, which allows them to be heat treated and further 
processed [4-5]. 
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2. AUTHOR’S IVESTIGATIONS 

The aim of the study was the evaluation of the effect of heat treatment on the mechanical properties of AlSi7Mg 
alloys produced by the method of unmodified iron pressing and after modification with strontium mortar. For 
comparison purposes, castings were made by gravitation, also from unmodified alloys and after modification 
with Sr mortar. 

2.1. Melting the charge and pressing the castings 

The chemical composition of the research material used is shown in the Table 1. 

Table 1 Chemical composition of the AlSi7Mg alloy according to the standard [1] 

Type Chemical composition (wt.%) 

Sign Feature Si Cu Mg Mn Ni Fe Zn 

AlSi7Mg AK7 6.0-8.0 0.2 0.25-0.4 0.1-0.5 - 0.5-0.8 0.2 

The experimental smelting was carried out using a laboratory PIT50S/400 induction furnace. The furnace 
inductor was powered by a current of up to 2000 Hz. Castings were made on a PHM-250c hydraulic press 
equipped with a 250x100x50 mm metal recess. The nominal pressure of the press was 205 ton. The mold was 
made from two parts: a mold (connected to the press piston) and a die. At the bottom of the die, ejector plates 
were mounted to remove castings from the mold.  

Before flooding, the mold was heated to about 200 °C and a protective graphite coating (solution of colloidal 
graphite in water) was applied to its surface. By using a crucible spoon, about 1350 grams of liquid metal was 
collected and poured into the lower half of the mold. The mold was closed and the melt was pressed under the 
pressure of 60 MPa. The press time was constant (50 seconds). After this time, the stamp was lifted and the 
casts were pushed using four ejectors located at the corners of the plates. The series of castings were made 
of unmodified and modified strontium mortar. AlSr10 mortar was used in the form of 10 mm diameter rods. 
The modification procedure was performed at a constant temperature about 720 °C. The liquid was then held 
at this temperature for 15 minutes and lowered to a pouring temperature of 680 °C. The amount of added 
modifier was 0.04 % Sr in relation to the weight of the charge. 

In the die mounted on the press, the series of die castings were also made. Execution of the chill cast consisted 
of pouring the liquid metal into the lower half of the mold and then lowering the mold to the surface of contact 
with the liquid metal. At the moment of contact the stroke of the piston was stopped and the pressure of the 
press turned off. After the coagulation and cooling of the castings, with the help of ejectors, they were removed 
from the die. 

2.2. Heat treatment procedure 

AlSi7Mg alloy treatment was commenced with supersaturation, followed by artificial aging. Heat treatment of 
cast and gravity castings in the unmodified state and after modification was carried out in the following order: 
heating the casting to 520 °C; preheating at 520 °C for 12 hours; cooling in cold water; artificial aging at  
160 °C for 8 hours; cooling at ambient temperature. The treatments were performed in an electric chamber 
oven controlled by an electronic temperature controller FCS 200 with an accuracy of  2 °C. Sample heating 
took place in air atmosphere. 
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2.3. Results of measurements of mechanical properties 

As part of the conducted mechanical tests, the conventional yield strength (Rp0.2), the tensile strength (Rm) and 
the relative elongation (A5) were measured. All mechanical indicators were specified in a stretch sample 
performed accordingly to the standard [6].  

The mechanical properties of the castings prior to treatment and after thermal treatments were determined by 
performing eight measurements for each point of the experiment. During the tensile test, the value of the 
breaking force P and the elongation measurement Δl was recorded. As a result of compressing these two 
measurements taking into account the cross sections of the samples, strength charts were obtained - stress 
in the function of elongation. Based on the data from the stretch tests, characteristic values Rp0.2, Rm and A5 
were determined and statistically developed. Measurement results for AlSi7Mg alloy castings are shown in the 
Table 2.  

Table 2 Results of tensile strength examination, contract yield strength and relative elongation of AlSi7Mg  
  alloy before heat treatment and after supersaturation and aging 

Alloy state 
Before heat treatment After supersaturation and aging 

Sample 
number 

Rm  
(MPa) 

Rp0.2 
(MPa) 

A5  
(%) 

Sample 
number 

Rm  
(MPa) 

Rp0.2 
(MPa) 

A5 

 (%) 

C
as

tin
gs

 m
ad

e 
 

by
 g

ra
vi

ty
 

1.1 177 91 4.25 5.1 224 143 8.41 
1.2 187 100 4.84 5.2 204 125 6.79 
1.3 192 103 5.73 5.3 215 138 7.83 
1.4 185 97 4.99 5.4 209 130 6.22 
1.5 171 87 3.87 5.5 208 127 6.87 
1.6 141 79 3.11 5.6 218 140 7.49 
1.7 173 90 4.23 5.7 158 103 5.12 
1.8 183 95 4.86 5.8 226 125 7.34 

Pr
es

se
d 

2.1 218 114 11.66 6.1 265 172 15.37 
2.2 234 127 13.43 6.2 259 164 13.52 
2.3 230 117 12.65 6.3 267 176 14.96 
2.4 214 112 10.71 6.4 242 154 12.29 
2.5 227 115 11.58 6.5 264 171 14.34 
2.6 230 120 12.17 6.6 255 165 13.14 
2.7 217 113 10.67 6.7 262 169 14.23 
2.8 227 119 11.81 6.8 249 157 13.22 

C
as

tin
gs

 m
od

ifi
ed

 a
nd

 
m

ad
e 

by
 g

ra
vi

ty
 

3.1 202 101 7.15 7.1 222 147 9.86 
3.2 187 91 5.86 7.2 229 149 10.22 
3.3 195 94 6.24 7.3 238 167 10.95 
3.4 147 63 5.71 7.4 243 169 11.14 
3.5 178 81 5.99 7.5 220 133 8.28 
3.6 205 102 7.45 7.6 230 147 9.53 
3.7 197 97 6.77 7.7 234 149 9.62 
3.8 190 86 6.43 7.8 234 151 9.74 

M
od

ifi
ca

te
d 

an
d 

pr
es

se
d 

4.1 223 121 13.25 8.1 282 192 16.71 
4.2 254 145 15.19 8.2 274 185 16.86 
4.3 248 137 14.24 8.3 185 158 10.28 
4.4 241 136 13.87 8.4 295 197 17.27 
4.5 235 130 14.43 8.5 280 190 17.13 
4.6 249 128 14.54 8.6 275 185 16.26 
4.7 248 130 12.98 8.7 291 195 16.34 
4.8 234 119 13.52 8.8 282 194 15.89 
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The results shown in Table 2 prove that several mechanical properties measurements are not within the 
maximum error limit - the results have a gross error. By analyzing Table 2 regarding tensile strength Rm, 
conventional yield strength Rp0.2 and relative elongation A5, it was noted that the results obtained in trials 1.6, 
3.4, 5.7, 7.5 and 8.3 are not within the maximum measurement error and were rejected in the calculation of 
values of the arithmetic mean in Table 3. This table calculated the arithmetic mean of value for the samples 
tested. 

Table 3 Results of the arithmetic mean of the research results for tensile strength Rm, conventional yield  
  strength Rp0.2 and the relative elongation A5 of the alloy AlSi7Mg before heat treatment and after  
  supersaturation and aging 

Alloy state Sample series 
number 

Rm 

(MPa) 
Rp0.2 

(MPa) 
A5 

(%) 

Before heat 
treatment 

Castings made by gravity 1 181 95 4.7 

Pressed 2 225 118 11.9 

Castings modificated and made by gravity 3 194 93 6.6 

Modificated and pressed 4 242 131 14.0 

After 
supersaturation 

and aging 

Castings made by gravity 5 215 136 7.3 

Pressed 6 258 166 13.9 

Castings modificated and made by gravity 7 231 154 10.2 

Modificated and pressed 8 283 191 16.4 

3. ANALYSIS OF RESULTS 

Based on the performed studies, the influence of heat treatment on the mechanical properties of AlSi7Mg alloy 
castings was made in four variants: gravity-unmodified alloy, gravity-modified alloy strontium, pressed from 
unmodified alloy, pressed from alloy modified with strontium mortar. 

By firstly comparing the mechanical properties of the castings before the heat treatment, it can be stated that 
they differ significantly depending on the method of manufacturing and modification. The technology of 
pressing ensures the production of the highest mechanical indexes. As a result of the external pressure on the 
solidifying cast, Rm increased by 35 MPa, Rp0.2 by 50 MPa and A5 by 8 %. Particular emphasis should be 
placed on the final size determining the plasticity of the castings. The elongation of pressed castings is 3 times 
higher than that of gravity castings. 

       
   (a)       (b) 

Figure 1 The comparative graphs of the conventional yield strength Rp0.2 (a) and of the tensile strength Rm 
(b) of AlSi7Mg alloy castings depending on the method of casting and modification before heat treatment and 

after supersaturation and aging 
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When analyzing changes in mechanical properties caused by the modification of the alloy with strontium 
mortar, it can be stated that it improves all tested mechanical parameters. The effect of the casting and 
modification method on the mechanical properties of AlSi7Mg alloys is illustrated in Figures 1 and 2. 

 

Figure 2 Comparative graph of the tensile strength Rm, conventional yield strength Rp0.2  and relative 
elongation A5 of AlSi7Mg alloy castings, depending on the method of casting and modification before heat 

treatment and after supersaturation and aging 

Table 4 Absolute growth (ΔRm) and relative growth (% Rm) of the tensile strength, absolute increase (Δ Rp0.2)  
  and relative increase (% Rp0.2), absolute increase (ΔA5) and relative increase (% A5) of the yield  
  strength of AlSi7Mg alloys obtained after saturation and aging 

Alloy state ΔRm 
(MPa) 

% Rm 
(MPa) 

ΔRp0.2 
(MPa) 

% Rp0.2 
(MPa) 

ΔA5  

(%) 
% A5 
(%) 

Castings made by gravity 33.9 18.7 41.5 43.7 2.6 55.3 

Pressed 33.3 14.8 48.8 41.5 2.0 16.8 

Castings modified and made by gravity 37.4 19.3 60.6 64.9 3.6 54.5 

Modificated and pressed 40.9 16.9 60.2 46.0 2.4 17.1 

The performed heat treatment procedures: supersaturation and aging have allowed the hardening of castings 
AlSi7Mg alloy. As a result of heat treatment, the mechanical properties increased in all castings investigated. 
It should be noted that the alloy state and the casting method had a significant effect on the size of the changes 
in the individual mechanical indicators. These changes are listed in Tables 4. The evaluation of mechanical 
properties increase was performed in two categories: absolute increment ΔRm, ΔRp0.2 and ΔA5, and relative 
increase in properties before heat treatment, expressed in %. 

The tests performed on heat-treated samples indicate that the highest relative increase in mechanical 
properties occurs in gravity-casting. The use of compression technology improves the mechanical parameters. 
It can be concluded that the tensile strength of Rm in unmodified alloy castings increases by approximately 33 
MPa irrespective of the casting method, while in non-modified alloy castings it increases by 37 - 40 MPa. In 
the relative increase category, the effects of supersaturation and aging are more pronounced in gravity-cast 
samples. The relative increase in these castings is 20 %, and in pressed castings is 15 % for the unmodified 
alloy and 17 % for the alloy after the Sr modification. 

The conventional yield strength Rp0.2 shows a characteristic similar to that of tensile strength, but shows a more 
pronounced effect of modification. Castings made of unmodified alloy show an absolute increase of 42 - 49 
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MPa, and in molds made from modified alloy it is at the level of 60 MPa. Relative growth of Rp0.2 is at the 
highest value in 65 % castings made via gravitation method. The remaining castings are approx. 40 %. 

Modification and casting methods affect the changes in elongation A5 the most. In pressed castings, the 
absolute growth is 2 and 2.6 % respectively for the unmodified alloy and the one after modification. On the 
other hand, gravitational castings are higher and are 2.6 and 3.6 %, respectively. This translates into significant 
relative gains obtained by heat treatment in die castings that reach a value of about 55 %, and in the case of 
pressed castings, due to the high initial values of A5 they are only 17 %. 

4. CONCLUSION 

Based on the performed research regarding mechanical properties of the castings before heat treatment and 
after thermal treatments, it can be stated that: 

 Liquid press technology ensures the creation of high quality AlSi7Mg alloy castings. It significantly 
affects the improvement of the cast elongation to the level of 14 %. 

 Modification of the strontium mortar alloy increases the durability properties and significantly increases 
the length of the castings made by gravitation. Relative growth of A5 in these castings reaches approx. 
40 %. 

 The performance of saturation and aging treatments has increased the strength of the plastics by 33-40 
MPa in all tested castings. 

 The effect of modifications on the course of precipitation hardening is mainly manifested in the increase 
in the yield strength and the additional plasticity (A5) of castings. 

 Combination of procedures of modification, heat treatment and pressing technology allows AlSi7Mg 
alloys with high mechanical properties to be produced: Rm = 280 MPa, Rp0.2 = 190 MPa, A5 = 16 %. 
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Abstract 

Twin-roll cast Al-Mg-Sc alloy was submitted to deformation by cold-rolling. The influence of heat treatment 
300 °C / 8 h, which was applied either before or after the deformation, on the deformation microstructure was 
studied by the means of scanning and transmission electron microscopy and by microhardness 
measurements. The cold-rolling leads to increase of dislocation density and fragmentation of the grains into 
subgrains. Annealing both before and after deformation causes precipitation hardening of the material. The in-
situ annealing in transmission electron microscope leads to rearrangement of dislocations and partial 
recrystallization of the microstructure. 

Keywords: Al-Mg alloys, Al3(Sc,Zr) precipitates, electron microscopy, heat treatment 

1. INTRODUCTION  

Al-Mg based alloys are widely used in ship-building and aerospace industries because of their good corrosion 
resistance, weldability [1, 2] and possibility of superplastic forming [3, 4]. However, one of the disadvantages 
of Al-Mg alloys is their lower strengths for structural applications.  

There are two common routes through which mechanical properties can be improved. The first one is addition 
of elements which form strengthening particles through heat treatment. Additions of scandium and zirconium 
to Al-Mg alloys offer attractive combination of properties. The precipitation of metastable Al3(Sc,Zr) particles 
upon aging delivers contribution from precipitation hardening increasing thus the strength levels of the alloy 
[5-7]. The precipitates form at temperatures between 300 and 450 °C and serve as highly effective obstacles 
for dislocation and grain boundary motion increasing thus recovery and recrystallization resistance of the 
material [8, 9]. 

Another way of improving strengths is by a grain refinement and work hardening, which can enhance the 
strengths of the material through the grain boundary strengthening or dislocation strengthening [10]. 
Nevertheless, this positive effect is immediately lost during recrystallization. The use of twin-roll casting (TRC) 
method for producing the material is an alternative method to direct-chill casting which casts the strips to the 
final thickness and thus leads to energy and time savings and, moreover, the recrystallization annealing is no 
more required during the strips production [11-13]. 

In the present work we focused on the investigation of the properties of twin-roll cast Al-Mg alloy with addition 
of small amount of Sc and Zr and the role of this alloying elements on microstructure evolution during 
deformation by cold-rolling. 

2. EXPERIMENTAL  

Aluminum alloy with composition 3.24 wt.% Mg, 0.19 wt.% Sc, 0.14 wt.% Zr, 0.16 wt.% Mn, 0.11 wt.% Si and 
0.21 wt.% Fe was twin-roll cast in laboratory conditions to thickness 5 mm. Subsequently it was cold-rolled to 
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thickness 3 mm. Annealing in air furnace at 300 °C for 8 hours was applied either before or after the cold-
rolling. The mechanical properties of the material were tested by Vickers microhardness (HV) measurement 
with a load of 100 g at QNess 10A with at least 10 measured indents for each value. The microstructure was 
observed by scanning electron microscope (SEM) FEI Quanta 200 equipped with electron back-scatter 
diffraction (EBSD) detector and by transmission electron microscopes (TEM) JEOL 2000FX and 2200FS. 
Specimens for electron microscopy were electropolished in 30% HNO3 solution in methanol at -15 °C.  

3. RESULTS AND DISCUSSION 

Twin-roll cast material contains nearly equiaxed grains with size in order of 100 µm - Figure 1a. The grains 
are subdivided into subgrains with low average missorientation. For more details about the as-cast material 
see [14].  

The material was subjected to annealing at 300 °C for 8 hours in order to support precipitation of Al3(Sc,Zr) 
phase. It has been shown in previous work that this annealing temperature is sufficient for formation of high 
density of these particles in the given material [15].  

In order to evaluate the role of the annealing at 300 °C three states of the material were considered - firstly 
material only cold-rolled, secondly material which was annealed after the cold-rolling and finally material which 
was annealed before the cold-rolling. 

3.1. Rolling 

After cold-rolling both the microstructure and mechanical properties of the materials evince a change in all the 
studied materials.  

Concerning the results from electron back-scatter diffraction the average grain size was not influenced by the 
deformation, only the shape of the grains was modified - they become slightly elongated in the rolling direction 
(Figure 1b, 1c and 1d). However, in the interior of the grains the missorientation increased significantly and 
the grains are now fragmented into high number of subgrains.  

The microstructure images from the transmission electron microscope give evidence of substructure with high 
density of dislocations - Figure 2a, 2b and 2c. Elongation of the subgrains is also apparent. No significant 
difference in the dislocation substructure was caused by the annealing undertaken before or after the cold-
rolling. The selected area electron diffraction images (insets in Figure 2) prove that the depicted areas contain 
only one grain (divided to subgrains) with fluently changing orientation. This is in contrast to the microstructure 
created by equal-channel angular pressing performed on the same material [16], where a lot of distinct grains 
formed on comparable area. 

The microhardness of the as-cast material was 78 HV and increased after the rolling. The final microhardness 
was determined by the presence of annealing - in the non-annealed material the microhardness reached a 
value of 90 HV. In the material annealed before the cold-rolling the microhardness reached 105 HV and in the 
case where the thermal treatment was applied after the deformation, the value was 102 HV. In all the materials 
the HV values fluctuated and the standard deviation is around 5 HV.  

The annealing for 8 hours at 300 °C leads to precipitation of Al3(Sc,Zr) and increase of microhardness to 
100 HV [15]. This means that the main increase of the microhardness in both annealed materials was caused 
mainly by precipitation hardening, only slight increase is attributed to deformation hardening by dislocations. 
No strengthening particles are present in non-annealed material thus the microhardness augmentation is 
caused by the increased dislocation density.  
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Figure 1 Electron back-scatter diffraction maps - a) twin-roll cast material, b) cold-rolled material, c) material 
annealed at 300 °C for 8 hours and subsequently cold-rolled and d) material cold-rolled  

and annealed 300 °C/8 h after the deformation. Cold-rolling lead to fragmentation of the grains  
into subgrains 

3.2. Al3(Sc,Zr) 

It was reported in literature that cold-rolling has an influence on precipitation of the Al3(Sc,Zr) particles. Both 
the cases were described - either the precipitation is facilitated [7] or hindered [17] by the cold-rolling. The 
main difference seems to lie in the composition of the material and the casting technique - twin-roll casting 
compared to direct chill casting.  

In the material studied in this paper the Al3(Sc,Zr) formed in the cold-rolled material after annealing at 300 °C 
for 8 hours - this is documented in Figure 2d taken in [001]Al zone axis. Additional diffraction spots from L12 
phase are apparent in the selected area diffraction image in the inset. The density of Al3(Sc,Zr) particles is 
comparable with the twin-roll cast material annealed under the same conditions [15]. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1803 

  

  
Figure 2 Transmission electron micrographs of the cold-rolled materials with high dislocation density.  
a) cold-rolled, b) annealed and cold-rolled, c) and d) cold-rolled and annealed. d) Detail of Al3(Sc,Zr) 

precipitates in [001]Al zone axis. Corresponding selected area diffraction patterns in inset. 

3.3. Annealing 

  
Figure 3 Microstructure after in-situ annealing in TEM up to 550 °C  

a) Dislocations forming low-angle grain boundaries. b) EBSD grain structure with partially recrystallized 
matrix and partially retained deformed grains near the foil edge (located on the left). 
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In order to evaluate the microstructure evolution during heat treatment, the cold-rolled material was submitted 
to in-situ annealing in transmission electron microscope. The temperature during the observation was 
increased by 50 °C every 10 minutes. During the annealing precipitates of α-Al(Fe,Mn)Si phase formed at 
temperatures around 300 °C, which is in accordance with post-mortem observations [18]. The dislocation 
substructure recovered and low-angle grain boundaries formed - Figure 3a.  

After reaching the temperature of 550 °C the grain structure was inhomogeneous - part of the microstructure 
retained in the deformed state with high number of subgrains, in other parts of the matrix new fully recrystallized 
grains formed - see Figure 3b. The deformed microstructure prevailed near the hole in the TEM specimen - 
similar behavior was described in another type of Aluminum alloy during in-situ annealing because near the 
hole the two-dimensional nature of the TEM foil prevails and recrystallization and dislocation recovery proceed 
there slower than in the bulk material [19]. 

4. CONCLUSION  

The cold-rolling of Al-Mg-Sc alloy results in elongation of the grains and increase in the dislocation density. 
The microhardness of cold-rolled material is influenced by annealing at 300 °C for 8 hours which is conducted 
in order to precipitate coherent Al3(Sc,Zr) particles. During in-situ annealing in TEM the dislocations recover 
and form low-angle grain boundaries near the edge of the TEM foil, in the bulk of the material new recrystallized 
grains appear.  
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Abstract  

In the paper the differences in the structure of dental alloys have been presented. The observations of the 
selected commercial dental alloys (Ni-alloy group) structures have revealed the differences in their morphology 
- depending on the melting and casting conditions. In the paper the four most commonly alloys used in dental 
laboratories arts are presented. 

Keywords: Dental alloys, Ni-alloys, Co-alloys, casting, remelting 

1. INTRODUCTION 

The dental materials and prosthetic products in all countries of the European Union are subject to special 
supervision. Their quality and utility must be confirmed by the fulfillment of a number of standards and 
conditions laid down in the legislation. However, it is interesting, that very high requirements are placed on the 
chemical composition of the materials themselves and not on their further processing. In the dentistry market 
the new materials are constantly with improved composition and ease of use are constantly introduced [1-7]. 
Keep in mind that each of the processing stages contains many parameters that may adversely affect the 
properties of the material - not only dental materials but all types of metal materials. 

Regardless of the possibilities of new materials and keeping in mind their material costs in prosthetic 
laboratories well-known and well-tested materials are constantly being used, e.g. despite the possibility  
of using a composite foundation still the main material for prosthetic structures (total prostheses, crown, 
bridges and veneers) are Ni, Co, Cr and Mo alloys, and in spite of the disadvantages (allergic actions), the 
relatively cheapest Ni alloys are most commonly used. The largest disadvantage of nickel-based alloys is that 
nickel ions as a result of corrosion processes penetrate into surrounding tissues, resulting in systemic allergic 
reactions, and further contribute to inhibit the natural development and regeneration of cells [8-11].  

Commercially used Ni-Cr-Mo alloys (part of Remanium group) are designed for metal-ceramic, metallic-acrylic 
or metallic-composite dental structures, there are characterized by a dendritic structure. It is known that both 
the dendrites intermetallic composition and phase in interdendritic spaces is determined by the chemical 
composition of alloy as well as by melting and casting technologies. And a key role in the Ni-Cr-Mo alloys 
application (in terms of structure, mechanical properties and corrosion resistance) plays a segregation of major 
alloying elements (Ni, Cr, Mo). Ni-base alloys exhibit a dendritic γ-fcc metastable matrix and  
precipitates. In interdendritic spaces are located: M23C6 carbides, an intermetallic σ compound and  
a lamellar phase formed by interlayed plates of M23C6 [12-15]. Increased molybdenum content in the alloy 
composition causes the strong segregation, and thus enriches the interdendritic areas in Mo [16]. In most Ni-
Cr-Mo alloys, the strong segregation of chromium is not observed, but Cr content is a bit lower in interdendritic 
spaces [16, 17]. 
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In the dentistry one of the basic techniques for forming metallic prosthetic construction is the technique  
of metallic materials remelting and casting. Regardless of the specialty of the laboratory and the types  
of remelting technique the casting is done with the centrifugal force. As evidenced by the author's experience 
the most common techniques for melting/casting in dental technology include those using flame of oxy-
acetylene torch as a heat source in a melting process, induction furnace, Volta’s arc and the Autocast 
equipment - a detailed description of each of these methods has been described in earlier work [17]. Due to 
the parameters of the melting and casting process, it is expected to change in the morphology of the Ni alloy 
structure. Due to the cooling rate during the production process, and in the absence of a protective atmosphere 
of melting/casting technique in interdendritic spaces, two morphologies of precipitation may occur. As like in 
cobalt alloys in interdendritic spaces precipitation may take the form “blocky type” and a “pearlitic type” as a 
result of the eutectoid reaction [12-14].   

The quality of cast is closely connected many factors also with the experience of a dental technician, during 
the melting/casting of metallic structures as well as with technical equipment. In the more specialized devices 
(Autocast method) can be used the protective atmosphere, preventing contamination of alloy with other 
elements. Processes with vacuum reduces the amount of oxide inclusions in the structure, and these contribute 
to reduced carbon monoxide partial pressure of the metal, which reduces to a minimum the loss of chromium 
during the refining (the oxidation of oxygen in the metal bath). 

The paper is dedicated for microscopic observation of two kinds of Ni-alloys (commercially used). The literature 
review and observation allowed to characterize the typical dendritic structure of the casting material and 
allowed to indicate the difference in the material structure after melting/casting with in flame of oxy-acetylene 
torch, induction furnace, Volta’s arc and Autocast method. 

2. EXPERIMENTAL  

The materials used in this study were the casting alloys: Remanium G and Remanium CSe with a chemical 
composition presented in Table 1. The Remanium G alloy was dedicated to acrylic or composite veneering 
whilst Remanium CSe alloy was dedicated to ceramic veneering. The metallic material has been melted and 
then casted using - Table 2:  

(1)  in flame of oxy-acetylene torch,  

(2)  induction furnace,  

(3)  Volta’s arc, 

(4)  in the Autocast device. 

In all these methods the casting mold was filled with molten metal by centrifugal force. Castings were shaped 
in discs with a diameter of ø = 10 mm i height h = 5 mm (although the casts representing substructure of the 
crown have slightly different dimensions, in this work the standard shape of the samples were used, to 
standardize the examination).  

Table 1 The chemical composition of commercial Ni-alloys (wt.%) 

Commercial Ni-alloy Chemical composition - subscript are percentages mass 

Remanium G Ni66Cr27Mo5Si2 with low content of Mn and B 

Remanium CSe Ni61Cr26Mo11Si1,5 with a low contents of Fe, Co, Al and Ce  
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Table 2 The samples indicators and characterization of melting/casting technologies 

Identification of technology Selected method of melting/casting 

(1) oxy-acetylene torch (ceramic crucible, non-controlled atmosphere) 

(2) the induction furnace (ceramic crucible, non-controlled atmosphere) 

(3) the Volts arc ( ceramic crucible, non-controlled atmosphere, 220V) 

(4) the Autocast methods (copper crucible, protective argon atmosphere) 

3. RULTS AND DISCUSSION 

The dental alloys Remanium G and Remanium CSe have been investigated using an optical microscope 
AxioImager. Before observation samples surface has been digested in a reagent Mi28Ni at 60 - 90 °C. The 
optical micrographs exhibited grain boundaries. For better observation the structures have been observed with 
different magnifications (Figures 1 to 4). 

(1)   (2)  
 

(3)   (4)  

Figure 1 The microstructure images of dental alloys Remanium G (Ni66Cr27Mo5Si2 with low content of Mn 
and B) melted and then casted using (1) in flame of oxy-acetylene torch, (2) induction furnace,  

(3) Volta’s arc, (4) in the Autocast device 

 

200 μm 
 

200 μm 

 

200 μm 
 

200 μm 
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Observations at small magnifications made it possible to estimate the size of the grains, it is niticeable that 
their sizes are comparable in four tested samples: melted and then casted using (1) in flame of oxy-acetylene 
torch, (2) induction furnace, (3) Volta’s arc, (4) in the Autocast device, in the structure of Remanium G as well 
as Remanium Cse alloys. 

(1) (2) 

  

(3) (4) 

  

Figure 2 The microstructure images of dental alloys Remanium CSe (Ni61Cr26Mo11Si1,5 with a low contents 
of Fe, Co, Al and Ce) melted and then casted using (1) in flame of oxy-acetylene torch, (2) induction 

furnace, (3) Volta’s arc, (4) in the Autocast device 

As it is known from the literature, the dendritic structure is composed mainly of intermetallic γ phase enriched 
in nickel [18] the content of molybdenum is accountable for the strong segregation - the interdendritic areas 
are enrich in Mo. In many cases there are observed the interdendritic structures probably formation of the 
eutectic. In interdendritic spaces precipitation may take the form “blocky type” and a “pearlitic type” as a result 
of the eutectoid reaction [12-14]. The formation of the eutectic in the case of low rate of cooling and that is a 
mixture of γ phase (austenite, phase enriched in Ni with stoichiometrical formula MoNi3) and phase P (chemical 
composition of phases is close to stoichiometry of Cr18Mo42Ni40, phase range varies accordingly 31-35 % mass. 
Ni, 50-58% mass. Mo, 9-18% mass. Cr) [18, 19] - Figures 3, 4.  
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      (1)     (2)  
 

       (3)    (4)  

Figure 3 The microstructure images of dental alloys Remanium G (Ni66Cr27Mo5Si2 with low content of Mn 
and B) melted and then casted using (1) in flame of oxy-acetylene torch, (2) induction furnace,  

(3) Volta’s arc, (4) in the Autocast device 

     (1)    (2)   

     (3)    (4)   

Figure 4 The microstructure images of dental alloys Remanium CSe (Ni61Cr26Mo11Si1,5 with a low contents of 
Fe, Co, Al and Ce) melted and then casted using (1) in flame of oxy-acetylene torch, (2) induction furnace, 

(3) Volta’s arc, (4) in the Autocast device 
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Due to the higher content of nickel in the Remanium G (Ni66Cr27Mo5Si2) alloy, it has been observed that 
regardless of the type of processing method, the austenitic phase occupies a much larger share of the material 
volume and the interdendritic spaces are definitely smaller. On the other hand, for the Remanium G  as well 
as for Remanium CSe alloy it has been noticed that the interdendritic spaces are filled by the eutectic mixture 
(in the Ni-Cr-Mo alloys it is usually a mixture of phases γ + P). And a typical example of eutectic mixture can 
be seen in Figure 4c. 

4. CONCLUSION 

Based on the results presented in this paper (as well as from previous work of the author) conclusions have 
been drawn. The type of technique for remelting/casting of Ni alloys (Ni61Cr26Mo11Si1,5 and Ni66Cr27Mo5Si2) has 
a significant effect on the material structure. The obtained images of the Remanium G alloy and of the 
Remanium CSe alloy microstructure revealed two or more phases. Observing the dendritic structure of alloys 
melted/casted with four techniques, it must be noted that the dendrites lines and grains system was compatible 
with the direction of heat rejection. There was the elements segregation, although the separation was most 
similar to a regular, their distribution was irregular over the entire observed area. There were differences in the 
morphology of the basic alloy phases. The main differences were primarily the share of the main phase (size 
of dendrite axes) and morphology of precipitates in interdendritic spaces. Samples prepared with Volta arc 
were characterized by greater amounts of impurities and the presence in the interdendritic spaces precipitation 
in the form of “blocky type” and a “pearlitic type”. 
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Abstract 

In the last 20 years the continuous casting has become a modern production technology of metals including 
steel, aluminum, and copper. Since cooling patterns and the temperature distribution of cast metal significantly 
influence quality and productivity of final products, metallurgists utilize computer solidification models which 
allow them for thermal analysis, monitoring and optimization of cast products. Most of models are based on 
so-called interface capturing methods, e.g. on the enthalpy method which is rather simple and straightforward. 
The paper presents a solidification model for continuously cast aluminum which is based on another approach. 
The applied front tracking method offers benefits such as a higher order of accuracy and a possibility to 
simulate the growth of dendrites. The model allows for 3D simulations and it is based on the slice approach in 
which a 2D calculation slice moves through the solidifying strand. Results of the slice model are compared to 
results gained with the use of the enthalpy-based 3D model and a comparison of methods is presented and 
discussed. 

Keywords: Continuous casting, aluminum, front tracking method, slice model, enthalpy method 

1. INTRODUCTION 

The use of aluminum as a construction material has recently become more and more important. For instance, 
parts of automotive bodies made of the aluminum have positively contributed to the reduction of weights of 
cars, and thus to decrease the fuel consumption and CO2 emissions. Since experimental investigation is 
usually expensive and time-consuming, computer modelling is frequently utilized. From the metallurgical point 
of view, the aluminum solidifies at a nearly constant temperature as a pure substance. This behaviour is 
opposite in comparison to steel which always solidifies in a temperature range as it is at least a binary alloy 
composed of the iron and carbon. The solidification is accompanied by the release of the latent heat of the 
phase change. In computer modelling of heat transfer processes with phase changes, the inclusion of the 
release of the phase change is crucial. The correct incorporation of the latent heat into the numerical 
formulation of the problem and the fulfilment of the energy balance are especially important in regard to 
accuracy and reliability of numerical results.  

From the modelling point of view, there are two groups of methods applicable for the solution of heat transfer 
problems with phase changes [1]: interface capturing methods and interface tracking methods. Interface 
capturing methods are well known and widely applied in a huge variety of problems. The enthalpy method and 
the effective (sometimes referred to as apparent) heat capacity method are the most well-known interface 
capturing methods. Such methods are quite simple and easily transferrable into computer programs with no 
special effort devoted to the phase change. On the other hand, interface capturing methods suffer from lower 
computational accuracy, especially in the vicinity of the interface separating phases. Due to the simplicity and 
to the relatively good applicability, a number of applications can also be found in computer models of metal 
making, especially of steel, see e.g. [2, 3] for solidification models of steel and [4] for simulations of the 
aluminum. Interface tracking methods form another group of the computational approach to phase change 
problems. Though they have some benefits in comparison to the interface capturing methods, only a limited 
number of applications of interface tracking methods can be found in the literature. Main reasons are that the 
interface tracking methods are more difficult for programming and they usually have higher computational 
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demands. On the other hand, front tracking methods provide higher computational accuracy and allows for 
direct simulation of dendrite growth. Research papers on the topic of front tracking are aimed at general 
computational models of solidification and mainly at simulations of dendrite growth (see e.g. [5]) but no paper 
is directly related to the continuous casting.  

The paper presents a 3D front tracking slice model for the continuous casting of the aluminum. The model 
utilizes the front tracking solution of the temperature distribution and the front location in a cross-section of the 
cast billet. Such cross-sectional solution is solved in a plane perpendicular to the vector of the casting direction 
and it is moving in that direction. The 3D solution of the temperature field and identification of the solid and 
liquid regions is performed with the use of the idea of slice models. Such slice models have attracted an 
attention of numerous investigators (see e.g. [6, 7]) as slice models are very fast and sufficiently accurate for 
3D heat transfer modelling derived from partial 2D solutions. In the paper the front tracking slice model is 
compared to the traditional enthalpy-based fully 3D model. Results indicate a good agreement between the 
models with further possibility of the front tracking slice model for its use in microstructure and dendrite growth 
modelling. 

2. BASIC PRINCIPLES OF ENTHALPY METHOD AND FRONT TRACKING METHOD  

A brief overview of main principles of the enthalpy method and of the front tracking method is presented in this 
section. A 3D formulation of the enthalpy method and a 2D front tracking method suitable for the slice model 
are considered. 

2.1. Enthalpy method - interface capturing approach 

The well-known enthalpy method [8] belongs to the 
interface capturing category of numerical methods for the 
solution of heat transfer problems. A main feature of 
interface capturing methods is that the latent heat of the 
phase change is incorporated into the governing heat 
transfer equation via the source term. The second 
important characteristic of interface capturing methods is 
that such methods only solves for the temperature 
distribution. The identification of phases and the location 
of the phase interface, so-called front, are determined 
only from the knowledge of the temperature distribution 
according to the phase temperature. This also explains 
lower accuracy of these methods, especially near the 
phase interface. The enthalpy formulation of the 3D heat 
transfer equation (see [8] for a more detailed explanation) 
is  
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where T (K) is the temperature, t (s) is time, k (W/m·K) is the thermal conductivity, x, y, and z (m) are spatial 
coordinates and vz (m/s) is the casting speed. The quantity H (J/m3) is the volume enthalpy defined as 
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Figure 1 Enthalpy-temperature dependence  
for an isothermal phase change 
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where Tref [K] is a reference temperature, ρ (kg/m3) is the density, cp (J/kg·K) is the heat capacity at the constant 
pressure, Lf (J/kg) is the amount of the latent heat and fs (-) is the solid fraction. The solution of Eq. (1) consists 
of two consecutive steps: first, the equation is solved for the unknown enthalpy which is determined from the 
temperature distribution. Second, the enthalpy is then converted into the temperature from the known relation 
between the enthalpy and the temperature. In case of the pure aluminum considered in the paper, the 
solidification takes place at the constant temperature of 660 °C rather than in a temperature range as in case 
of steel. Due to this reason the enthalpy-temperature curve has a shape consisting of nearly linear functions 
in dependence to the variation of the density and of the heat capacity on the temperature. An example of such 
curve for a material undergoing the phase change at a constant temperature is shown in Figure 1. The 
determination of the phase interface location completes the calculation procedure. The solid phase is in 
computational nodes with the temperature below the phase change temperature and the liquid phase is in 
computational nodes having the temperature above the phase change temperature. The interface is usually 
determined by means of interpolation between nodal temperatures.  

2.2. Front tracking method - interface tracking approach 

Front tracking algorithms can be applied in a variety of 
computational problems from heat transfer and solidification 
problems, multi-phase fluid flow problems to detailed 
simulations of solidification and growth of crystals. Numerical 
methods based on the interface (front) tracking approach differ 
significantly from interface capturing methods. Front tracking 
algorithms are not so known as the enthalpy method, effective 
heat capacity method, or the temperature recovery method from 
the interface capturing category. One of reasons is that front 
tracking algorithms are considerably more difficult for 
programming as well as they have higher computational 
demands. On the other hand, the interface tracking offers a 
higher accuracy, direct modelling of the phase interface and 
other possibilities such as microstructure modelling as already 
mentioned in the introduction. In comparison to interface 
capturing methods, the tracking of the phase interface is the 
main objective of front tracking algorithms and the temperature 
distribution is solved in the second step from the location of the 
interface. 

The front tracking algorithm on a fixed computational grid is considered in the paper and it is based on 
algorithms presented in [9, 10]. The phase interface - the front - is simulated by means of markers which lie 
on gridlines of the computational grid, see Figure 2. The computational procedure has three main parts [10]: 
advection of the markers and the determination of their new locations on gridlines, identification of velocity 
vectors in locations of the markers, and the solution of the temperature distribution by means of the heat 
transfer equation. The latent heat of the phase change is taken into account via the Stefan condition which is 
applied at the phase interface [9] 
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where the subscript s denotes the solid phase, the subscript l denotes the liquid phase, n is the normal direction 
(vector) and vn (m/s) is the normal velocity of the interface. The Stefan condition is thus applied to each marker 
and its normal velocity is determined from Eq. (3). The 2D temperature distribution is finally computed from 
the ordinary heat transfer equation 

Figure 2  Schematic of the front  
tracking approach 
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which is solved separately for the solid and liquid parts taking into the markers laying on the front and having 
the phase change temperature. 

3. 3D SLICE MODEL FOR SIMULATIONS OF CONTINUOUS CASTING OF ALUMINUM 

In the paper, the continuous casting of aluminum shown in Figure 3 is considered. The principle is similar to 
well-known radial continuous casting of steel but the process completely occurs in the horizontal direction. 
Liquid aluminum flows from the tundish to the water-cooled mould where the solid shell is formed at the surface 
of the slab. Behind the mould the shell grows up and the heat withdrawal continues by means of forced 
convection via water or air nozzles and by means of natural convection to the ambient. As for the modelling, 
the 2D model based was employed in the 3D slice model. Slice models have successfully been applied by 
various investigators; see e.g. [6, 7]. Their users reported that slice models are much faster that fully 3D 
models. The schematic of the slice model is shown in Figure 4. The 3D temperature distribution is derived 
from the 2D temperature distribution in the axial cross-sections (slices) of the billet. Though such approach 
ignores all interaction in the casting direction, it is well reported [6, 7] that such assumption leads to small 
inaccuracy since interactions perpendicular to the casting direction are much more significant. The 
computation starts with the slice in the mould where the casting temperature is known. Then the slice fictively 
“travels” through the billet with the casting velocity which causes the change of the boundary conditions of the 
slice according to the actual location z. The 2D slice model is therefore repeatedly solved as a transient 
problem having time-dependent boundary conditions. While the slice arrives to the end of the billet, the 
calculation of the 3D temperature distribution is completed and it can be reconstructed as the temperature 
history of the 2D slice. 

 
 

Figure 3 Schematic of horizontal continuous casting Figure 4 Schematic of slice model principle 

4. RESULTS AND DISCUSSION 

The implemented “traditional” fully 3D enthalpy-based model and the slice model based on the 2D front 
tracking method were used for the computation of the continuous casting process of aluminum. In the paper 
the steady state casting is presented. The aluminum billet with the square cross-section having the dimensions 
of 120 × 120 mm and the horizontal casting described in the foregoing section were considered. The length of 
the billet was set to 5 m. The heat withdrawal from the mould having the length of 1 m was characterized by 
the heat flux of 760 kW/m2 while the heat withdrawal in the secondary cooling zone was assumed by mild 
forced convection (usually assured by means of air nozzles) and radiation to the ambient with the combined 
heat transfer coefficient of 70 W/m2·K. The casting temperature was set to 710 °C with the solidification 
temperature of 660 °C. Figure 5 shows a typical output of the computer models: a 3D distribution of the 
temperature in the longitudinal cross-section of the billet. 
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Figure 5 3D temperature distribution of the billet 

However, the plot shown in Figure 5 is rather unsuitable for the comparison as it would be difficult to observe 
differences between results. Figure 6 shows more convenient visualization of the results - the phase interface 
separating the liquid and solid phases in the longitudinal cross-section of the billet. As can be seen in Figure 
6, both the models provide comparable results. The phase interface computed by the fully 3D enthalpy-based 
model (blue curve) is coarser as it is computed by means of the interpolation which is a typical approach for 
interface capturing methods. On the other hand, the slice model results in a smoother phase interface which 
is due to tracking of the interface, higher accuracy of the method [11] and due to higher resolution as the slice 
moves through the billet in the casting direction. The difference in the so-called metallurgical length (the 
distance between the pouring level and the end of liquid phase) is about 10 cm. The difference is mainly 
caused by higher inaccuracy of the fully 3D enthalpy-based model and also due to the nature of the slice model 
which ignores interactions in the casting direction. 

 

Figure 6 Simulated phase interface in the longitudinal cross-section of the billet 

Figure 7 presents phase interface locations in perpendicular cross-sections of the billet at the distance a) 1m, 
b) 1.5 m, and c) 1.9 m from the pouring level. Similar conclusions as in case of Figure 6 can be made. As can 
be seen in Figure 6-7, results computed by the models are comparable to each other; experimental results 
would be needed for a more detailed comparison. However, computational results indicate that the slice model 

(m) 

(m
) 
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is significantly faster with a higher accuracy of the front tracking [11]. Moreover, the front tracking method 
applied in the slice model has also further possibilities for detailed simulations of solidification. 

 

Figure 7 Simulated phase interface in the perpendicular cross-sections of the billet at the distance of a) 1m, 
b) 1.5 m, and c) 1.9 m from the pouring level in the mould 

5. CONCLUSION 

Computer models of casting processes are important tools for metal makers and they allow for optimization of 
metal properties and for the reduction of defects. The paper presents the front tracking slice model for 
simulations of the continuous casting of aluminum. The results were compared with the “traditional” fully 3D 
enthalpy-based model with the conclusion that the models provide comparable results. However, the slice 
model is faster than the fully 3D model and previous results indicate higher accuracy of the front tracking 
method and its capability for more detailed simulation of the solidification process and of the formation of 
structure. Such approach is therefore a promising way applicable in computer simulations of metal casting. 
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THE EFFECT OF THE TRAVERSE SPEED ON THE ROUGHNESS PARAMETERS AND KERF 
WIDTH IN THE AWJ CUTTING OF COPPER  

KRAJCARZ Daniel, SPADŁO Sławomir 

Kielce University of Technology, Kielce, Poland, EU 

Abstract  

This article describes experiments performed to assess the effectiveness of abrasive waterjet (AWJ) cutting 
used to cut copper. The roughness parameters of the cut surface and the kerf widths were measured using a 
TOPO L120 contact profilometer and a Nikon Eclipse MA 200 optical microscope. The experiments revealed 
that the traverse speed of the jet was a significant parameter affecting the surface roughness parameters and 
the kerf width. An increase in the traverse speed caused an increase in the surface roughness parameters. 
This was particularly visible along the bottom edge of the workpiece. Higher cutting speeds were also 
responsible for a reduction in the smooth cutting region on the cut surface. An increase in the traverse speed 
caused the kerf to narrow, with the kerf width decreasing both at the top and the bottom. It is thus important to 
select the correct traverse speed to obtain the required surface quality while keeping the efficiency of the 
cutting process high. 

Keywords: Waterjet cutting, copper, surface roughness, kerf width 

1. INTRODUCTION  

Copper, which is reddish brown in color, is one of the most electrically conductive metal elements. Because of 
its excellent electrical properties, ductility and malleability, it is widely used in telecommunication applications. 
The metal has a tensile strength about half that of mild carbon steel. Copper is easily formed by hand, which 
does not make it unsuitable for structural applications. It is frequently used in piping and tubes because of high 
fracture toughness.  

Abrasive waterjet (AWJ) cutting has various distinct advantages over the other non-traditional cutting 
technologies including no thermal distortion, small cutting forces, high machining versatility, high flexibility and 
minimum stresses on the workpiece [1-3]. Benefits of abrasive waterjet cutting are numerous. Because of its 
universality, the method can be used to cut most materials, both thin and thick, into any complex shape; hence 
its wide range of applications. As such, it can easily compete with the conventional material cutting methods 
[4] or non-traditional processes such as electrical discharge machining (EDM) [5-6] and laser cutting [7-8]. 

AWJ cutting uses a small-diameter water stream. The main role of water is to accelerate abrasive particles to 
a high velocity and to produce a high coherent jet [9]. Abrasive particles are added to water to intensify the 
machining process [10]. Erosion of the material is dependent on the hydraulic energy of the waterjet and the 
kinetic energy of the abrasive grains in the waterjet. This jet is then directed towards the working area to 
perform cutting [11].  

In the area close to the workpiece surface, the structure of the material is formed by microcutting. The cutting 
of the area further from the surface is a result of abrasive wear or mechanical erosion [12]. When the 
penetration of the waterjet into the material is deeper, the waterjet energy is smaller. When the energy of the 
waterjet is too low, the cut surface is not a straight but a curved line down through the material [13-14]. 
An increase in the traverse speed [15-16] causes a decrease in the smooth cut zone and a proportional 
increase in the lower quality zone. There is also an increase in the surface roughness. 
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Surface roughness parameters are one of the most important requirements of surface quality in machining. In 
AWJ cutting, surface finish varies according to the depth of measurement [17]. The studies on this issue were 
conducted by several separate research teams [18-19]. However, still a lot of work is necessary for preparation 
of a sufficiently complex system describing the effect of traverse speed on the surface quality in AWJ cutting. 
The latest research shows that the traverse speed of the waterjet has a strong influence on the surface finish 
of the workpiece and the material removal rate [20]. However, the degree of influence of selected process 
conditions depends on the magnitude of parametric variation and the machinability of a target material [2]. 

The aim of this study was to measure the roughness parameters of the machined surface and the kerf 
geometry for copper AWJ-machined at different traverse speeds. The study of roughness parameters involve 
the complete the cut surface from the data recorded along the thickness of the machined surface from the 
entry to the exit. In this paper surface quality is considered as the performance measure as in many industrial 
application it is the main constraint on the process applicability. Further detailed research is required to better 
understand the influence of the important process parameter such as traverse speed on surface quality of 
copper after AWJ cutting. 

2. MATERIALS AND METHODS 

The tests were carried out on copper specimens. Figure 1 presents the views of the finished samples. 

                           a) 

 

b) 

 

Figure 1 Views of the finished samples with marked traverse speed: a) sample for measuring kerf width;  
b) selected samples for measuring roughness parameters. 

The samples were cut from copper plate with a thickness of 10 mm. First, the sample was cut every 5 mm. 
Each cut was at a different traverse speed. Each cut had a length of 55 mm (then 40 mm in length was cut off 
for roughness parameters measuring and the rest of the sample was used for kerf width tests).The chemical 
composition of material is presented in Table 1. 

Table 1 Chemical composition of copper EN-AW CW020A (wt.%) 

Cu Bi O Pb 

≥99.9 ≤0.0005 ≤0.04 ≤0.005 

All the experiments were performed at the Laboratory of Electrical Discharge Machining and Finishing of the 
Kielce University of Technology. The variable process parameter was traverse speed. The tests were 
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performed at five different traverse speeds: 30, 60, 90, 120 and 150 mm/min. The constant process parameters 
are provided in Table 2. 

Table 2 Constant process parameters for abrasive waterjet cutting. 

Parameter Value 

Water pressure 280 MPa 

Stand-off distance 4 mm 

Water orifice diameter 0.3 mm 

Focusing tube diameter 1.02 mm 

Focusing tube length 76 mm 

Abrasive mass flow rate 4 g/s 

Average grain size 80 mesh 

Abrasive type Indian garnet 

Impact angle 0 (normal to the sample surface) 

3. RESULTS AND DISCUSION 

3.1. The effect of the traverse speed on the surface roughness parameters 

The roughness parameters was calculated from the data recorded every 2 mm along the thickness of the 
machined surface from the entry to the exit of the jet using a TOPO L120 contact stylus profilometer. The first 
measurement was taken 1 mm from the jet entry surface. Following roughness parameters were measured 
and compared: Ra (arithmetical average profile height), Rq (standard deviation of distribution in profile heights), 
Rz (ten-point height), Rt (maximum profile height). These parameters were selected in response to suggestions 
from the industry and due to their common use for evaluation of surface quality in both research and industrial 
applications. 

The roughness of the cut surface changes with changing traverse speed. The relationship between the 
traverse speed and the surface roughness parameters in the AWJ cutting is shown in Figure 2. 

Basing on the analysis of graphs it can be stated that the traverse speed has a significant influence on surface 
roughness of cut surfaces. Also, the distance from the upper cut surface edge directly affects surface quality 
and measurement results especially for cutting with faster traverse speed. 

It can be seen that when the traverse speed was 30 mm/min, the average surface roughness Ra increased 
with increasing depth of measurement. At a depth of 1 mm it was 4.71 μm, at a depth of 5 mm, it amounted to 
4.78 μm and at a depth of 9 mm it reached 5.14 μm. The changes in roughness observed along the thickness 
of the cut surface at a traverse speed of 30 mm/min (from 1 mm to 9 mm from the entry of the jet) were 
relatively small (+9.1 %). It is important to note that this phenomenon did not occur at other traverse speeds. 

An increase in the traverse speed resulted in a lower surface quality, which was due to less overlap and fewer 
abrasive particles impinging the cut surface. A higher traverse speed increased the jet deflection, which was 
responsible for higher values of surface roughness. According to this model, the highest surface roughness 
was observed for a traverse speed of 150 mm/min and a depth of measurement of 9 mm (Ra = 19.7 μm), 
where there was an increase of 242.9 % in respect of depth of measurement of 1 mm for the same traverse 
speed.  
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Very similar percentage changes were reported for Rq parameter. Although the relative value of the Rq 
parameter was greater than Ra each time, the percent increments were the same. When the traverse speed 
was 30 mm/min and a depth of 1 mm Rq was 6.13 μm, at a depth of 5 mm, it amounted to 6.43 μm and at a 
depth of 9 mm it reached 6.75 μm. The changes in roughness observed along the thickness of the cut surface 
at a traverse speed of 30 mm/min (from 1 mm to 9 mm from the entry of the jet) were relatively small (+10.1%). 
The highest traverse speed according to the depth of measurement caused the Rq parameter increase by 
261.1 % which was the biggest increase among the tested parameters. 

a) 

 

b) 

 
c) 

 

d) 

 

Figure 2 Depth of measurement versus surface roughness parameters (percentile increase) 

It was also observed that the sensitivity to changes in cutting speed and distance from top cut edge differs 
between parameters. Rz and Rt are less sensitive to those changes than Ra and Rq parameters. For depth of 
measurement of 9 mm and traverse speed 150 mm changes in values of Rz amount 185.8% and of Rt 196% 
and they are much lower in comparison to Ra and Rq. Relative values of surface roughness Rz i Rt parameters 
are much higher than Ra and Rq parameters, but each time their increments, depending on the traverse speed 
and depth of measurement, were percentage smaller. 
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3.2. The effect of the traverse speed on the kerf width 

Further measurements were required to determine how the traverse speed influenced the kerf width. Two 
profiles were analyzed. One measurement was taken at the point of entry of the water jet (top kerf width), while 
the other at the point of waterjet exit (bottom kerf width). The measurements were performed using a Nikon 
Eclipse MA200 optical microscope equipped with an NIS 4.20 image analyzer. Figure 3 shows the effects of 
the cutting speed on the kerf width for the material studied.  

 

Figure 3 Traverse speed versus kerf width. 

The shape of the plot indicates a substantial influence of the cutting speed on the top and bottom kerf widths. 
As the traverse speed increases, the top and bottom kerf widths decrease. Despite this, the kerf wall slope 
increases slightly. An increase in the kerf taper angle is directly due to a shorter exposure time. At higher 
traverse speeds, less time is available for cutting, which results in overlapping passes. The decrease in the 
bottom kerf width is much greater because the jet loses energy while penetrating into the workpiece. 

At a cutting speed of 30 mm/min, the taper was correct, i.e. the top and bottom kerf widths were similar. An 
increase in the cutting speed to 60 mm/min caused changes in the shape of the kerf with the difference 
between the top and bottom kerf widths reaching 65 μm. An increase in the cutting speed to 150 mm/min led 
to a significant narrowing of the bottom kerf; the difference in this case was 268 μm. 

4. CONCLUSIONS 

The experimental results obtained for copper indicate that the traverse speed of the waterjet has a significant 
effect on the surface roughness parameters and the kerf width. 

The surface roughness parameters of the cut changes with changing traverse speed. Lower traverse speeds 
result in a better surface finish. An increase in the traverse speed leads to a slightly higher surface roughness 
parameters at the top edge of the cut. At the bottom edge of the cut, the surface roughness parameters 
increase considerably with increasing traverse speed. Cutting with a traverse speed of 30 mm/min allowed us 
to generate a surface with similar roughness parameters along the whole thickness. The change in the surface 
roughness parameters was very small. This phenomenon was not observed at any other traverse speeds 
studied. It was also observed that the sensitivity to changes in traverse speed and depth of measurement 
differs between parameters Rz and Rt are less sensitive to those changes than Ra, Rq parameters. These are 
parameters with much higher values that exceed Ra and Rq parameters several times.  
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At a cutting speed of 30 mm/min, a small difference in the kerf width was observed. The kerf width was slightly 
narrower at the bottom with the difference being several micrometres. An increase in the traverse speed 
caused the kerf to narrow both at the top and the bottom. The experimental data indicated that, at higher 
traverse speeds, the bottom kerf width was much smaller than the top kerf width. A greater difference between 
the top and bottom kerf widths at higher values of the cutting speed suggested that the cut surface tapered. 
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Abstract 

In connection with the end of life of the first commercially produced thin-film photovoltaic panels, the issue of 
recycling them is very topical. One of the methods for the production of the first photovoltaic cells was thin film 
technology, based on the CdTe content. The work is therefore devoted to one of the possible methods for 
separation of CdTe and glass particles in the powder material obtained during the liquidation of worn 
photovoltaic panels aiming at their secondary use. For the above-mentioned separation, the method of 
centrifugal gravity concentration of particles was used. The influence of the separation method to a change in 
the mechanical and physical properties of the powder mixture, including the angle of internal and external 
friction or compressibility, was studied as well. A criterion for comparing the results for the separation products 
were the contents of SiO2 and CdTe. A partial task was also time optimization of the separation process. The 
original material contained 46.05 wt. % of SiO2 and 16.06 wt. % of CdTe and unit shares other oxides (CaO, 
MgO, K2O) and metals. The samples were taken at 5-minute intervals. Using gravity concentration, it was 
possible to obtain the final concentrate with 29.28 wt. % of SiO2 and 45.69 wt. % of CdTe during optimized 
process time of 20 minutes. Initial experiments demonstrated the basic possibilities of the above-mentioned 
material separation and differences in mechanical and physical parameters of individual products. 

Keywords: Cadmium telluride, photovoltaic panels, gravity concentration, angle of internal friction,  
          compressibility 

1. INTRODUCTION 

Recycling of photovoltaic panels is a currently addressed topic. At present, the old used panels are gradually 
being replaced with new ones due to their decreasing efficiency, but also due to the production of new 
equipments with innovative technology. Recycling of panels containing a number of rare elements and toxic 
substances is essential. This obligation is also mandatory by law. The type and processing of the panels used 
depends mainly on their type. There are two main recycling methods. Both have the same initial phase when 
it is necessary to remove the aluminum frame and the supply cables of the photovoltaic panel. The next stages 
already involve different approaches. The first one is mechanical-chemical recycling. The second method is 
so-called thermal-chemical processing. The thermochemical method is particularly advantageous for 
commercially available silicon panels. It was designed and used by the German company Deutsche Solar [1, 
2]. The advantage of this method is the simplicity (removing the polymeric packaging from the photovoltaic 
panel by thermal methods) and the possibility of obtaining whole, undamaged cells that can be used after the 
post-processing in the production of new cells. The disadvantage is the high energy intensity and high 
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proportion of manual work during manual separation of the individual loose parts. After using the thermal 
method and manual separation of the material, the solar cells must be chemically cleaned [3, 4]. 

For the disposal of thin-film cells containing CdTe, mechanical-chemical methods are usually used [5]. The 
mechanical-chemical method is suitable for thin-layer and crystalline panels with a low layer thickness. At 
present, the trend is to use the least possible amount of material to produce the panel. However, with the 
decreasing thickness of the article, its brittleness and sensitivity to manipulation increases. In the first step of 
the method, the panels are crushed into small pieces. Shredder or hammer crushers are used for crushing 
technology. Crushing takes place in several stages to ensure a particle size of about 4-5 mm. The crushed 
material is directed to a rotating drum where, by adding sulphuric acid and hydrogen peroxide, the photovoltaic 
film is removed from the glass. Then sorting takes place into different particle size classes and separating the 
glass from the liquid. Any fine glass particles that pass through the sorting sieve settle in the liquid and are 
discharged through the dispensing screw from the container. Vibrating screens are most often used for sorting, 
which primarily results in the separation of glass from other materials. For the separation of small particles it 
is also possible to use fluid and wet tables, which can ensure separation into size classes based on the specific 
weight of the sorted material. Another separation technology used for panel recycling technology is 
electrodynamic separation. Using an electrodynamic separator, non-ferrous metals can be separated from 
other materials. Subsequently, heavy, rare and toxic elements are obtained from the sorting and separation 
products by means of electrolysis, chemically or pyrometallurgically. Approximately 90% of glass and up to 
95% of semiconductor material can be obtained by the described method [1, 4, 6].  

Work on the recycling of photovoltaic panels deals only with a narrow primary area. It has been experimentally 
investigated whether it is possible to obtain more concentrated cadmium telluride for secondary use, by 
applying a simple mechanical operation - gravity concentration using centrifugal forces. This is a pre-treatment 
of bulk material, obtained from old crushed photovoltaic cells. Additionally, the influence of the applied method 
on the change of two selected mechanical and physical parameters - angle of internal friction and 
compressibility, important for predicting the behaviour of the material, in connection with its further possible 
processing, was also studied. In the future, we would like to focus on further process adjustments, which will 
allow for the improvement of the input raw material before hydrometallurgical methods. This could lead to 
higher economic and process efficiency. 

2. EXPERIMENTS AND METHODS 

2.1. Particle size distribution 

Granulometric analysis of the original sample was performed on the Cilas 1190 laser analyser. The wet path 
method was used. Determination of the particles proceeded on the basis of the passage of the measured 
material dispersed in water (carrier medium) through coherent light with a wavelength of 830 nm. The results 
were interpreted based on the Fraunhofer theory [7]. 

2.2. Gravitational Centrifugal Separation (WARMAN M16 Cyclosizer) 

Warman Cyclosizer M16 is a device that employs centrifugal forces for sizing. The former treats dry samples 
in a spiral vortex of air created by a spinning disk. Particles are drawn inward against centrifugal force acting 
outward. The cyclosizer has a connected series of hydrocyclones with varying inlet and vortex diameters 
chosen to obtain size fractions in the 9 to 45 μm range. Each cyclone is inverted and has been fitted with 
closed apex chambers to permit repetitive sorting/washing. A sharp split is obtained as a result. Figure 2 
shows the major components of the cyclosizer. The principle of hydrocyclone is discussed in subsequent of 
this chapter [8]. 
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Figure 2 The major components of the cyclosizer [10] 

2.3. Angle of internal friction and compressibility 

The angle of internal friction and compressibility of the powders were measured on an FT4 Powder Rheometer. 
The FT4 Powder Rheometer rotary shear module for measuring friction parameters consists of a vessel 
containing the sample powder and a head with disk to cause normal and shear stress. The blades of the 
stainless steel head sink into the mass powder and start to apply normal stress to the surface of the powder. 
The stainless head moves downwards until sufficient and stable pressure is applied between the contact 
material and the powder bed. The shear plane is formed just below the end of the blades. Since the powder 
bed prevents rotation of the stainless steel head, shear stress in the measuring plane increases until a slippage 
occurs. Then, the maximum value of transferred shear stress is recorded and angle of internal friction is 
calculated [10]. 

Compressibility is measured as the change in volume depending on a normal load. The data obtained are 
quantified by expressing the percentage compressibility for a normal load of 15 kPa applied by the module, 
which is a part of the FT4 Powder Rheometer. Changes in volume are evaluated by compression index (C). 
The compression index (%) is calculated as the ratio of compressive density (at 15 kPa) and the density.  

2.4. Analytical method 

Samples of the studied raw material obtained by gravity concentration were quarried before homogenization 
and sputtering in a FRITCH Pulverissette spherical micro-mill for grain size below 100 μm before chemical 
analysis. Determination of the quantitative composition of samples was performed using X-ray fluorescence 
analysis. The analysis was carried out by the DELTA PROFESSIONAL Innov X mobile X-fluorescence 
spectrometer. 

3. RESULTS AND DISCUSSION 

3.1. Granulometric analysis 

The results of the granulometric analysis are shown in Table 1. The original sample contained fine particles 
with an average size of 61 µm. 
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Table 1 Distribution of the particle size of the original sample 

Original sample d10 d50  d90  

Particle size (µm) 13.8 ± 0.4 61.2 ± 0.5 187.7 ±0 .4 

3.2. Gravitational separation using centrifugal forces 

As already mentioned (Chapter 2.2), the powder mixture was sorted while wet (in water) on the Warman 
Cyclosizer M16. Different times of separation have been applied so that it was possible to compare the time 
at which the sorting process ends. 20 g of sample per test were always used. In total, the experiment was 
performed 3 times at the same time of separation. The resulting products were mixed at the same time of 
separation. Table 2 shows the analysis of the original sample using X-ray fluorescence analysis, which was 
obtained from the Laboratory of the Institute of Geotechnics of the Slovak Academy of Sciences. The sum of 
all analytes was 85.8%, the rest being laminates that cannot be determined by this method. Figure 3 shows 
the individual yields of the separation products and their metal content determined by X-ray fluorescence 
analysis method as well.  

Table 2 X-ray fluorescence analysis results 

Sample CdTe SiO2 CaO K2O MgO Na2O Al2O3 SO3 CuO SnO2 Ag Mo 

Feed (%) 16.06 46.05 10.12 1.70 2.46 7.31 0.28 0.66 0.11 0.29 0.06 0.17 
 

 
Figure 3 SiO2 and CdTe contents in the individual products obtained from hydrocyclones 

As can be seen from the results obtained (Figure 3), the gravitational separation of the monitored raw material 
is not very positive. Different results of metal content are recorded in the individual products, but the change 
is not very pronounced. The original raw material contained 46.05 wt. % of SiO2 and 16.06 wt. % of CdTe. 
Better results were achieved within the CdTe separation, when hydrocyclone no. 1 contained only 2.36 wt. % 
of CdTe at 20 min wash time. In contrast, hydrocyclone no. 4 contained 45.64 wt. % of CdTe. If this value is 
compared with the CdTe content in the original sample, there was up to 2.5 times more CdTe concentration in 
the product that is considered the final one. Unfortunately, there is a significant amount of SiO2 in the final 
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product that degrades it. Overall, the results regarding SiO2 separation at different times did not bring any 
positive data. The best separation was reached after 20 minutes, when hydrocyclone no. 1 contained 47.86 
wt. % of SiO2 and hydrocyclone no. 4 contained 29.29 wt. % of SiO2. This is probably due to the fact that a 
portion of the CdTe coating was still applied to the surface of the glass (micron size) and therefore there was 
no good separation of the blends from each other. 

3.3. Angle of internal friction and compressibility 

The angles of internal friction and compressibility were determined for both the original unseparated sample 
and for the individual hydrocyclone fractions no. 1 - 4, separated for 20 minutes (Figure 4). According to the 
results of X-ray fluorescence analysis, the efficiency of the separation process was the highest after 20 minutes 
(the largest amount of CdTe and the smallest amount of SiO2). The effect of gravity concentration on the 
change in mechanical and physical properties of the separated powdery material was monitored.  

            

Figure 4 Left - angle of internal friction, right - compressibility tests for individual fractions and feed 

Figure 4 shows the change in the angle of internal friction (left) and compressibility (right) for the individual 
fractions and the original sample. In the case of the internal friction angle, there is no significant change due 
to gravity concentration. The angle of internal friction is closely related to the mutual movement of particles 
(friction), which is the same for all fractions. The average value was 40.5° ± 0.8°. Flowability of all tested 
samples was classified as free-flowing based on Jenike’s classification of powders [11]. 

The compressibility parameter appears more interesting for comparison. Significant changes in compressibility 
were observed between samples of fraction 1 (the highest SiO2 content, C = 4.1) and fraction 4 (C = 15.5). 
The original sample showed medium compressibility (C = 7.5), which is typical for most powders. The most 
significant compression sensitivity was shown by the fraction 4. The compression index value of 15.5 indicates 
higher air content in the material for the appearance of fine particles that may be cohesive. Generally, powders 
of less than 30 μm in size have significant compressibility. It is likely that the separation process also caused 
particles size sorting that has a significant effect on the mechanical and physical properties of the material. For 
the sample from fraction 1, however, low compressibility was observed. The sample showed small changes in 
volume, even at high normal loads (15 kPa). It is evident from the data that it is a fraction containing rather 
larger particles of non-coherent character, with minimal air. The hydrocyclone fractions 2 and 3 are very similar 
in character to the compressibility of bulk materials. Their further process processing, for example, tabletting, 
extruding or pelletizing, will have a similar course.  

3.4. Theoretical proposal of the technology of obtaining Cd and Te 

Hydrometallurgical processing of enriched CdTe material with glass and laminate content using mechanical 
method would aim at obtaining individual metallic components of cadmium and tellurium, or refining could also 

----- feed 
----- hydrocyclone I 
----- hydrocyclone II 
----- hydrocyclone III 
----- hydrocyclone IV 
 

----- feed 
----- hydrocyclone I 
----- hydrocyclone II 
----- hydrocyclone III 
----- hydrocyclone IV 
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be introduced to obtain semiconductor purity material. The first step of the proposed technology is to dissolve 
the material fraction from hydrocyclone no. 4 in a mixture of HCl + HNO3 acids at a suitable ratio and 
concentration. The precipitation of tellurium and precious metals can be carried out in a solution of 3N HCl 
using sulphur dioxide. Cadmium can be separated from the solution in the column by ion exchange with the 
strongly basic anion AB-17 from 0.05 N HBr. In the case of Au, Ag occurrence, the precipitate can be dissolved 
in a 3:1 mixture of HNO3 + HCl acids followed by extraction of precious metals with diethyl ether (C2H5)2O into 
the organic phase. Tellurium can be obtained from the solution electrolytically and then by vacuum distillation 
in semiconductor purity. An analogous procedure will be in the case of cadmium (from obtaining from the 
solution after ion exchange). Electrolytically eliminated cadmium can be converted into a form under a NaOH 
layer and then refined by distillation and zonal melting [12]. 

4. CONCLUSION 

The method of separation described in the work can be used as treatment of a sample of recycled photovoltaic 
panels before hydrometallurgical processing. It has been shown that using the process of gravity concentration 
in centrifugal field it is possible to increase the CdTe content from 9.17 % to 21.40 % while reducing the SiO2 

content from 17.76 % to 13.69 %. This result was achieved after 20 minutes of the process in the fourth 
hydrocyclone. By doing so, it would be possible to reduce the cost of the chemicals used in the currently 
applied mechanical-chemical method and to reduce the negative impact on the environment. However, gravity 
concentration cannot be considered a major success in primary research, which is evident in terms of SiO2 
content in the final product. This is due to insufficient separation of CdTe from the glass before the separation 
process itself, so these two compounds are still sticking together. 

The measurement of selected mechanical and physical parameters of the samples showed that the 
mechanical operation of gravity concentration did not have a significant effect on the angle of internal friction. 
Conversely, compressibility increased with decreasing SiO2 content, or with a hydrocyclone fraction. In 
connection with the further processing of individual fractions, including storage, transport or densification, the 
samples of fraction 4 will therefore be more sensitive to process conditions. 

The paper also presents a proposal for a possible technology for obtaining metal Cd and Te 
hydrometallurgically (from fraction 4), which can subsequently be refined to obtain a semiconductor purity. The 
hydrometallurgical method appears to be the most feasible for separating CdTe from glass and laminate. This 
method must be investigated and optimized in the next research phase.  
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Abstract  

The mechanism of dezincification is a relatively common cause of water networks defects and is involved with 
the composition and the terms of the water flow. This process is a typical representative of the selective 
corrosion of brass when a portion of the original material from copper and zinc alloy into a spongioid copper 
changed. This occurs either in the full layer near the surface, or locally. Spongioid copper has no strength and 
step by step wall perforation of the product occurs. Dezincification also has a role in the formation of corrosion 
cracking of brass. 

This paper deals with the problem at the heat station, after the installation of drinking water dosing of ClO2. 
After approximately two years the failure occurred of the some components of hot water distribution system. 
Most notably was the leakage of water in bodies of water gauge and other brass parts. For the assessment of 
the material state light and SEM microscopy has been used, EDS analysis of chemical composition, 
microhardness measurement and XRF and XRD analyses for the characterization of corrosion products. The 
investigation affirmed the original premise of dezincification mechanism of damage as a result of the 
composition of the flowing media. 

Keywords: Dezincification, brass, water supply, chlorides, microstructure 

1. INTRODUCTION 

All brasses with a zinc content of more than 15 wt.% are prone to dezincification. Dezincification mechanism 
lies in the fact that the cooper and zinc are dissolved and after cooper redeposit back. It allows by chloride 
mechanism - in corrosive environment must be chlorides present. Dezincification brass is a common cause of 
failure of brass fittings in water circuits. Significant is dezincification in waters with high content of oxygen and 
CO2, with little or no flow [1-3]. Weakly acidic water with a small salinity at normal temperature usually leads 
to dezincification, neutral and weakly alkaline with high salinity, especially at elevated temperature, to a local 
dezincification. Dezincification is proceeding with the oxygen depolarization. Dezincification principle can 
derive from the differences of equilibrium potentials for some reactions that can go during dezincification [4, 
5]. In the range into -0.03 V (SHE - Standard Hydrogen Electrode) can only happen to a slow dezincification 
at the surface. Cu is not dissolving. In the range from -0.03 V to 0.2 V (SHE) copper can oxidize by chloride 
mechanism according to the reactions 2, 3, 5, 6 with the zinc (reaction 1) and on the surface (where is a locally 
lower concentrations of chlorides) together reduce by reactions 4 or 6 [6]. The reactions of 2 and 3 are 
converted copper to Ionic forms of at lower potential, than would be expected by the equilibrium potential of 
copper by equation 4. In a more strongly oxidizing environments, potentials above 0.2 V (SHE) to the anodic 
oxidation of the copper and zinc occurs already, to dezincification does not occurs but the general corrosion is 
already high [2, 4, 7]. 

If the solution is ClO2 in contact with structural materials, whether organic or metal may cause premature 
damage. From metals titanium is resistant to concentrated ClO2 solution. For other construction materials 
corrosion occurs. At lower concentrations of ClO2, what are common in drinking water, resist high-alloyed 
stainless steel (with a higher level of alloying) [8].  
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Zn2+ + 2e- = Zn; Er = -0.90 V (SHE) (1) 

CuCl2 + e- = Cu + 2Cl-; Er = -0.03 V (SHE) (2) 

Cu2+ + e- + 2Cl- = CuCl2; Er = +0.01 V (SHE) (3) 

Cu2+ + 2e- = Cu; Er = +0.16 V (SHE) (4) 

Cu2+ + e- + Cl- = CuCl; Er = +0.12 V (SHE) (5) 

CuCl + e- = Cu + Cl-; Er = +0.20 V (SHE) (6) 

The paper seeks to clarify the causes of failure of the some brass components of hot water distribution system, 
which occurred approximately two years later after the installation of drinking water ClO2 dosing (for 
disinfection). 

2. MATERIAL AND TEST METHODS 

For the assessment of damage causes two water gauge were delivered and some other brass components. 

From the housing of the water gauge were for metallographic analysis and SEM, a few specimens removed 
(see Figure 1), which are representative of different damage intensity, wall thickness, the technological 
differences, etc. For this evaluation by scanning electron microscopy the electron microscope JEOL JSM - 
6490LV with EDS analyser Inca x - act was used.  

 

Figure 1 Specimen extraction for metallographic and SEM analysis; spec. 1 - basic material, unaffected, not 
in direct contact with the environment, the maximum wall thickness; spec. 2 - the bottom wall under the outer 
blister with through pore; spec. 3 - the bottom wall with technological connection to the rib stiffeners; spec. 4 
- internal desk (housing for indicator); effect of media on both sides; spec. 5 - thread area of gauge lid; least 
affect intensity; spec. 6 - „average“ wall; spec. 7 - pipe part, following the thread for the connection of gauge 

For complete findings on the outer and inner water gauge surface were these tough deposits, layers, or 
corrosion products analysed: A - deposits from the inner wall of the upper chamber of water gauge; B - deposits 
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from the inner wall of the lower chamber; C - blister incrustation of outer wall; D - sediment (oxide layer) the 
bottom side of the water gauge lid. By X-ray fluorescence analysis (XRF) was the elemental composition of 
individual deposits determined. By X-ray diffraction analysis (XRD) has been studied the incidence and types 
of solid phases present. 

3. RESULTS AND DISCUSSION 

In Figure 2 the cut surface of specimen 1is in polished condition. In Figure 3 then is the microstructure of base 
materials on the same specimen. Needle morphology is typical for two-phase brass, [1, 6]. Figures 4 and 5 
document the pore on scratch pattern of specimen 2 with visible crack spreading from the pore. This one is 
through, it is not clear, however, whether originated by the media or partially initiated already during the casting 
process. On both images is pronounced (dezincificated) area of the pink coloration with a typical round curving 
shape. 

           
Figure 2 Basic material, spec. 1, polished state                 Figure 3 Basic material, spec. 1, etched state 

           
   Figure 4 Scratch pattern, spec. 2, polished state              Figure 5 Scratch pattern, spec. 2, polished state              

Specimen 4 evinces dezincification in full cross section, which is consistent with the fact that medium flows 
this part of water gauge from both sides (Figure 6). 

Figure 7 shows the threaded part (spec. 5) of the gauge with attack, which is common throughout the full 
length of the gauge outer shell. Therefore, dezincificated spongious structure with significantly fluctuating 
attack depth of the wall thickness. Spec. 7 taken from the shell in place, which connects on the fittings, the 
considerable disintegration of structures evinces, with the visible crumble of the inner wall´s particles 
(Figures 8 and 9). 
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Figure 6 Dezincification- all cross section, spec. 4       Figure 7 Thread part under gauge lid, spec. 5 

  

                  Figure 8 The attack of spec. 7                       Figure 9 Detail of microstructure disintegration  

Figure 10 and Table 1 of are documenting the state of specimen 1, therefore the original material of water 
gauge. Surface analysis shows that this is a brass with an average content of approx. 61 wt.% copper and 34 
wt.% of zinc. Microstructure is dual phase. Majority dark grey phase contains 65 wt.% Cu against 33.5 wt.% 
Zn. The minority phase (lighter) has about 53.5 wt.% Cu; 33 wt.% Zn and a relatively high content of Sn - over 
11 wt.%. Further there are units (formations) on the basis of lead (Spectrum 1) and iron (Spectrum 2) occurring. 

  

    Figure 10 SEM analysis of basic material, spec.1      Figure 11 SEM microstructure analysis of spec. 5 
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Table 1 EDS analysis of specimen 1 composition (wt.%) 

 O Al Si Cr Fe Ni Cu Zn Sn Pb 
area  0.93   0.76 0.44 60.8 34.2 0.99 1.87 

Spectrum1 12.4 1.91     7.70 5.19  72.8 

Spectrum2  1.56 10 1.13 77.2 1.60 4.79 3.63   

Spectrum3  0.83    0.67 53.4 33.2 11.8  

Spectrum4  0.77   0.46  65.3 33.4   

In Figure 11 and in Table 2 is described the situation at the inner surface of the specimen 5. Spectrum 1 and 
5 corresponds to the zinc oxide deposits. Spectrum 2 to 4 shows on dezincificated area with almost absolute 
contents of copper, alternatively, copper and oxygen compounds. Area (surface) analysis in greater depth (or 
closer to the outer surface) has confirmed the composition of the base material, same as the sample 1. A 
similar situation also exists in the case of sample 7. 

Table 2 EDS analysis of specimen 5 composition (wt.%) 

  O Al Si P Fe Ni Cu Zn Sn Pb 
Spectrum1 44.5  11.7    0.67 43.1   

Spectrum2 1.16    0.43  98.4    

Spectrum3 15.5      84.5    

Spectrum4 23.2   2.09 2.00  55.6 8.27 6.02 2.78 

Spectrum5 39.7  11.4  0.48  3.67 44.6   

area 1.38 1.05   0.77 0.57 61.3 35   

For comparison, an analysis was made also on the sample of water gauge lid and threaded pipe coupling that 
is connected by using the union nut to water gauge. Metallographic observations show when the lid on slightly 
different morphology of the basic microstructure (more globular). However, the damage is similar to the gauge 
body. 

Control measurement of microhardness HV 0.01 showed a great difference in the mechanical properties 
between unaffected (golden) area and affected (pink- dezincificated) with the ratio cca 140 HV 0.01 to 60 HV 
0.01. 

XRF and XFD analysis showed that samples A and B are related to its composition on the base with a high 
proportion of zinc, iron and copper, the content of which is substantially higher in the sample A (over 15 wt.%). 
Sample D from the water gauge lid is based on copper oxides with a significant proportion of Silicon. Sample 
(C) has a great difference from the others. Its composition with high levels of zinc and chlorine indicates the 
presence an upper email components (due to the nature of incrustation unfortunately inseparable) and the 
process of dezincification corrosion products. This fact confirmed also SEM or. EDS analysis of same product 
taken from a different location of the gauge - see Figure 12 (Figure 1, cut) and Table 3. 

Table 3 EDS analysis of composition of blister incrustation (rigid leakage) on outer gauge wall 

element O Al Si S Cl Fe Ni Cu Zn 
wt.% 32.49 0.80 0.26 4.74 15.59 0.41 0.99 0.62 44.10 
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Figure 12 SEM - microstructure of blister incrustation (rigid leakage) on outer gauge wall 

4. CONCLUSION 

As the cause of damage to the delivered water gauges and other brass part of the water seems to be a 
selective type of corrosive attack, which is typical of brass with zinc content of over 15 wt.%, known as the 
dezincification and is related of chloride environments. 

Walls of water gauges are attacked in the all area of contact with the flowing fluid (drinking water with the 
addition of ClO2) with very varying depth of damage - from mild to complete perforation. 

Performed SEM analysis showed a constant chemical composition of all brass components, approximately 61 
wt.% copper and. 34 wt.% of zinc. The material seems to be relatively homogeneous and the composition is 
the standard used for applications in water supply systems. Visibly damaged areas showed except 
considerable porosity the copper content up to 100%. 

Gauge lid is damaged by smallest level. It probably is related to the periodic presence of gaseous phase under 
the (air pocket). It is the highest point of water gauge. 

 The analysed compounds, deposits are rich in zinc and, in the case of external blistering incrustations also 
on chlorine. It is confirming the previous facts. 

The mechanism of dezincification is a relatively common cause of defects in water supply network and it is 
associated with the composition and the terms of the water flow. Unfortunately the chemical analysis of water, 
before an enrichment of ClO2, was not available for the assessment. It cannot be excluded that the 
dezincification might happen even without this addition. However, it is highly probable, the selected method of 
disinfecting water greatly accelerated this process. In the present composition of the water after the final 
modification, we can expect a gradual degradation of all brass components, those has a similar composition, 
as delivered water gauges. 

Dezincification mechanism could be affected by the way of producing (casting technology) the housing of the 
gauge. This technology produced in brass heterogeneity of chemical composition. It supports the rise and 
spread of this attack. Increased oxidation-reduction potential of the environment It can be invoked both by the 
ClO2 or its semi-products of reduction. 

If is not possible to change a chemical composition of fluid, as possible correction is recommending a change 
or increase the liquid flow, reduction of the oxygen content (to limit the oxidation ability of environment), or 
apply cathodic protection.  
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From the materials view point other brass types is possible used. For example so-called red brass (below 15 
wt.% Zn) - these have, of course, inconvenient mechanical properties - or alloyed grades As, Sn, P, for dual 
phases Bi. Alternatively, choose materials from other groups, for example high-alloyed stainless steel. 

For authenticated of material dezincification resistance can be used tests according to ČSN ISO 6509 [9] - 
cuprous chloride exposure. This test could not be used, because the non-damaged material was not available. 
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Abstract  

The crucible furnaces are mainly used for melting of metals or for keeping the metal in the liquid state. Among 
other things, an applicable mathematical optimization of the crucible parameters could contribute to reducing 
the high energy intensity of crucible furnaces. The component part of the considered mathematical model of 
the radiation heat transfer is the calculation of the view factors whose analytical solution is possible only in 
special cases. This article deals with the proposal to simplify the analytic calculation of the local view factors 
for the generally shaped crucible on standard conditions. 

Keywords: Crucible furnace, view factor 

1. INTRODUCTION 

The energy intensity of the crucible furnaces that are mainly used in the metallurgy for melting as well as for 
keeping the melt in the liquid state is very high. The energy consumption can be together with many others 
factors influenced by the shape of the crucible. Some sophisticated and expensive experiments used for 
evaluating of various crucible shapes or for new shapes designing can be replaced by the mathematical model 
application. The mathematical models in which the numerical calculations of various relations and 
dependencies are replaced by analytic expressions of these seem to be generally more applicable in the 
research. 

The local view factor that is used for the radiation heat transfer calculation cannot be analytically stated in 
general form. In our previous papers compiled in [1] we presented the analytic, but only approximate 
calculation of the local view factor for some crucible shapes. In this article we considerably extend the simplified 
analytic calculation of the local view factor for the general crucible shape defined in the following. 

2. MATHEMATICAL FORMULATION OF THE PROBLEM  

The calculation of the radiation heat transfer between the crucible (the solid A bounded by the surface SA) and 
the furnace (the solid B with the interior surface SB) can be mathematically expressed by the surface integral 
over the surface SA whose integrand is a surface integral over the surface SB [2]. 

The base of the calculation over the surface SB is the so-called local view factor. The local view factor (only 
the view factor in the following) for the radiation from the surface element dSA to a certain region of the surface 
SB is given by the relation 

B
S

BA
BA dS

d
B




 
*

2,
coscos1 

  ,  (1) 

where dSB is the surface element of the surface SB. The angles αA, αB are the angles between the normal lines 
of elements dSA, dSB and the line connecting both elements; d is the distance of the elements. The furnace 
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                                   Figure 1  A convex crucible                                     Figure 2  A nonconvex crucible 

interior surface is the cylindrical surface that is for practical calculations divided into specific subareas (e.g. the 
bottom, the top and the interior wall). The above mentioned integral is not calculated over the whole surface 
SB but only over its ‘visible’ part denoted SB*. The element dSA namely radiates only to the corresponding 
exterior half-space. 

The analytic calculation of the view factor according (1) is possible only in special cases (e.g. [3]). The following 
largely applicable concept of approximate analytic expression of the view factor is related to the following 
conditions (that are commonly fulfilled in practice): 

 The crucible is the solid of revolution with the vertical axis. 
 The interior surface of the furnace has a shape of the right circular cylinder with the vertical axis. 
 The crucible is centrally placed in the cylindrical furnace, i.e. the surfaces SA and SB are rotational and 

co-axial. 
 All points of the surface SA in the same height have the same temperature and also the temperature of 

all points of the surface SB depends only on their height (measured from the bottom of the crucible). 

For the mathematical description of the problem we use the cylindrical coordinate system determined by the 
axis and the bottom of the furnace (the bottom coordinate is equal to zero). The coordinates are denoted as:  

 r - radius, 

 h - height. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Moreover, the following nomenclature and designation will be applied (see Figures 1, 2): 

 RB  - (interior) radius of the furnace, 
 H  - (interior) height of the furnace, 
 rA, hA  - coordinates of the element dSA (radius, height), 
 K  - angle between the normal line of the element dSA and the horizontal plane, 
 t , n  - tangential plane and normal line of the crucible surface in the ‘point’ dSA, 
 h0  - height in which the normal line n intersects the extended sector of the element dSA  

     (the sector is defined in the next section), 
 hπ/2  - height in which the plane t intersects the extended sector of the element dSA , 
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 h-π/2  - height in which the plane t intersects the furnace axis. 

If K = 0 then hπ/2 = +, h-π/2 = +. 

In a view of mentioned assumptions, for calculation of the radiation heat transfer we find sufficient to know the 
view factors of the element dSA related only to the following partial surfaces: 

 the interior wall of the furnace or this wall belt between the heights h1 and h2, 

 the bottom and the top of the furnace or their annulus determined by the radii r1 and r2. 

The general crucible shape mentioned in the introduction section results from current shapes of crucibles. In 
this article we consider the general crucible shape as the shape which section (i.e. the vertical cut intersecting 
the crucible axis) can be described by arbitrary non-decreasing function r = f(h). Thus, the radius increases or 
remains identical with the increasing height, i.e. the crucible does not necessarily have to be a convex solid. 
The crucible can radiate to itself but its section is not allowed to contain inflexions (because in such case more 
than one radius r would be equal to one height h). Contrary to the case of a nonconvex crucible the element 
dSA of a convex crucible can radiate only to the interior wall, the top and the bottom of the furnace (not into 
any part of the crucible). Figure 1 illustrates some crucible with the convex section - the convex crucible - and 
Figure 2 illustrates some nonconvex crucible. 

We find useful to note that, for plasticity, all illustrated crucibles have less real shape (namely Figure 2) and 
their maximal diameters are significantly less than the interior diameter of the furnace. 

3. ADVANCED CALCULATION OF THE LOCAL VIEW FACTOR  

Advanced simplification of view factor calculation results from the fact that the surfaces SA a SB are rotational 
and co-axial. Figure 3 illustrates the horizontal cut of the surfaces SA and SB where the solid red line represents 
two elements dSA1 and dSA2 of the same size and placed in the same height. Each of these elements 

determines elementary cylindrical sector and the 
corresponding surface of the same size on the furnace 
interior wall which we refer as the sector in the following. 
In Figure 3 the sectors are represented by thick black arcs. 
Figure 3 can also contribute to clarification of the source 
theorem: The quantity of the radiation that the element 
dSA1 radiates to the fixed height of the sector of the element 
dSA2 is equal to the quantity of the radiation that the 
element dSA2 radiates to the same height of the sector of 
the element dSA1. 

The source theorem led us to the first simplifying 
assumption: The distribution of the view factors of the 
element dSA into mentioned partial surfaces on the crucible 
furnace surface is approximately equal to the distribution of 
the view factors of the element dSA into the intersections of 
these partial surfaces to the sector of the element dSA. 

The resulting generalization of the source theorem for the 
infinitely high cylindrical surface which is the extension of 
the cylindrical surface of the furnace interior wall (Figure 4) 

allows us to calculate the view factors for the bottom of the furnace, for the top of the furnace or for annuluses 
of these. The calculation is realised by the projection of the view factor on the extended sector of the element 
dSA or on the axis of the furnace. In Figure 4 the extended sector of the element dSA looks like the ‘infinite’ 

 
        Figure 3  A scheme for the 
                source theorem 
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strip (light-coloured) which part is the sector of the element 
dSA (dark-coloured). In the mathematical point of view the 
extended sector of the element dSA reduces to the line and 
the sector of the element reduces to a segment of this line. 

Therefore the approximate analytic expression of the view 
factors was derived under the fictitious assumption that each 
element radiates only to its own extended sector or to the 
furnace axis. If any part of mentioned radiation is absorbed 
by the crucible or by the bottom or the top of the furnace then 
this part of radiation is used for calculation of the 
corresponding view factor. 

The fictitious height hi, corresponding to some fixed point on 
the bottom or the top of the furnace or on the surface of the 
crucible is obtained by the projection of this point from the 
element dSA on the extended cylindrical surface of the 
furnace or on the furnace axis (examples of the projection 
can be found in [1]). 

The advanced calculation of the required view factors is 
based on calculation of the integral I(h1,h2) that represents 
the quantity of the radiation absorbed by the extended sector 
of the element dSA between the heights h1 and h2: 
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In [1] the integral I(h1,h2) was presented only for the vertical element dSA , i.e. for K = 0. The integral was 
standardized to be equal to 1 on the interval (-,+) (according to the definition the sum of view factors of the 
element dSA on all visible surfaces must be equal to 1). For arbitrary element dSA (i.e. for K  0,/2)) the 
standardization of the integral I(h1,h2) is determined by the requirement I(h0,hπ/2) = ½ . 

In the case of a convex crucible the integral I(-,hπ/2) represents the sum of the view factors on the visible part 
of the furnace top and interior wall and on the visible part of the annulus of the furnace bottom for r  rA . The 
value 1 - I(h0,hπ/2) then represents the view factor for the remaining visible part of the furnace bottom. Thus, 
the view factor for the whole visible part of the bottom is the sum I(-,h0) + (1 - I(-,h/2)). 

In the case of a nonconvex crucible of mentioned general shape the element dSA can radiate to the part of the 
crucible that is situated above or below the element. The corresponding view factors then are contained in the 
value I(-,hπ/2 ) or 1 - I(-,h/2 ). 

We use the integral Io(h1,h2) to calculate view factors for such parts of the furnace bottom or of the crucible that 
are projected on the furnace axis. The integral Io(h1,h2) is similar to the integral I(h1,h2) but the invariable q is 
estimated under the requirement Io(-,h-/2) = 1-I(-,h/2). 

 
Figure 4  The sector and the extended 
                sector of the element dSA 
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4. ILLUSTRATION OF RESULTS  

For the practical use of the presented approximate calculation of the local view factor we create new program 
code in Matlab. The program enables to enter arbitrary crucible shapes that fulfil the above mentioned 
conditions. The program also makes possible to calculate view factors for arbitrary subareas of the furnace 
interior surface. If the temperature of the furnace interior 
surface is constant we can calculate the view factor only 
for the bottom, the interior wall and the top of the 
furnace. To illustrate calculation results we chose three 
simple crucible shapes: cylindrical, conical and rounded 
(similar to the shape in Figure 1). All chosen shapes are 
obviously convex. 

For better plasticity, the second and the third illustrated 
crucibles have again less real shape and also the ratio 
of the furnace height to its radius is less real. 

In calculations the following data were used: the furnace 
radius 8 units, the furnace height 7 units, the maximal 
radius of the crucible in all chosen cases 6 units (other 
crucible sizes can be seen in Figure 5). The unit can 
represent 1 cm or 1 dm or 1 inch. The view factors 
depend only on the ratios of these sizes. 

The Figure 6 illustrates the dependence of the view factors for the bottom, the interior wall and the top on the 
height h of the element dSA, thus the figure holds three curvilinear graphs. In view of the fact that the crucible 
is convex, the sum of three values of the view factors appropriate for arbitrary height h of the element dSA must 
be equal to 1. This fact is better reflected by the area graph (or the zone graph) in the Figure 7. In the area 
graph the value of the dependent variable (the view factor) is not generally represented by the vertical 
coordinate but by the height of the appropriate zone. In the Figure 7 the horizontal axis also describes the 
height level of the element dSA. In the vertical direction the magnitudes of view factors on the visible parts of 
the bottom, the interior wall and the top of the furnace are represented through the use of three colours. The 
Figure 7 clearly illustrates how, in the dependence on the increasing height h of the element dSA, the view 
factor for the bottom predominates at first. The view factor for the top is small at first and significantly increases 

         
         Figure 6  Graph for the conical crucible                           Figure 7  Graph for the conical crucible 

 
      Figure 5  Profile curves of three chosen 
                      crucible shapes 
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only in the end.  

In the Figures 8 and 9 there are only the area graphs for the rounded crucible and for the cylindrical one. The 
area graphs in the Figures 7, 8 and 9 obviously illustrates that the shape of the crucible considerably influences 
the distribution of observed view factors. 

In view of the available information only the results obtained for the cylindrical crucible can be confronted with 
the reality. In the area graph in the Figure 9 the red curves represents the boundaries between coloured areas 
obtained by the accurate calculation according to [2]. The area graph for the cylindrical crucible is symmetric 
with respect to its centre (the view factor for the bottom for the height h is equal to the view factor for the top 
for the height H-h). 

5. CONCLUSION  

The presented approximate calculation of the local view factor for the crucible of the mentioned general shape 
can be simply used for calculating of the radiation heat transfer not only in the case of constant temperature 
of the crucible furnace but even in the case when the temperature of the furnace interior wall depends on the 
distance from the furnace bottom and when the temperature of the bottom and top of the furnace depends on 
the distance from the furnace axis. The presented calculation also takes into account such cases when some 
part of the crucible radiates to another part of the crucible. 
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       Figure 8  Graph for the rounded crucible                          Figure 9  Graph for the cylindrical crucible  
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Abstract 
Magnesium-lithium alloy is one of the lightest metal construction material and has excellent strength and with 
low density. Its density is about 1.3-1.6 g/cm3 and has high strength, and is an ideal structure material for 
aerospace, aeronautics and military industry, nuclear industry, electronic products, etc. The primary feature of 
Mg-Li alloys is high solid solubility of lithium in magnesium and magnesium in lithium. There are also no 
intermetallic phases. In the equilibrium system, there are two solid phases: a solid solution of lithium in 
magnesium with a hexagonal structure and a solid solution of magnesium in the lithium, characterised by a 
structure of a regular spatially centred. To improve mechanical properties of magnesium-lithium alloys, a 
different type of modifiers are added to melts to decrease grain size thus changing mechanical properties. 
Zirconium is one of the magnesium alloy microstructure modifier, which reduces the grain size and 
consequently makes it possible to obtain satisfying mechanical properties. Even a small amount of zirconium 
in magnesium alloys results in a complete modification of coarse-grained microstructure. The paper presents 
the results of the influence of commercial Zr on the refine the grain size and dilatometric behaviour of Mg-Lix-
1.5Al alloys (x = 4.5, 9 and 12 by weight percentage). The coefficient of thermal expansion (CTE) of 
investigated light-weight alloys was measured in the temperature range from 20 to 400 C. The effects of Zr 
content on the microstructure of analysed magnesium alloys were investigated. Microstructural evaluations 
were identified by light microscope. 

Keywords: Magnesium-lithium alloys, microstructure, grain refinement, thermal expansion 

1. INTRODUCTION 
Magnesium alloys maintain many benefits, such as light weight, high specific strength, good vibration stability 
and excellent electromagnetic shielding property [1, 2]. However, magnesium alloys show the poor plastic 
property in the process of extrusion, rolling, forging and punching [2, 3]. To obtain components made from 
magnesium alloys, die-casting technology is usually used [3, 4]. Compared with the methods of deformations, 
this technology has disadvantages, such as low production efficiency, high production cost and relatively poor 
properties. Mg-Li alloys are the lightest materials with the density of 1.3-1.6 g/cm3, however, in the engineering 
purpose, Mg-Li alloys still have some problems that need to be solved urgently, like relatively low strength, 
unstable mechanical properties, relatively high production cost [5-8]. To solve those problems, alloying is one 
of the commonly used methods to obtain Mg-Li base alloy with excellent properties. Al is one of the most 
common alloying element in Mg-Li base alloys. The solubility of Al in Mg-Li alloy is high. The addition of 
aluminium in Mg-Li systems mainly dissolved in solid solutions, what causes improvement of strength and 
increase the density, however, decrease in elongation [9-11].  
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The grain size is one of the most significant factors defining the property of cast metal parts causes it 
significantly influences on the mechanical properties. The grain size of casts can be formed by modifying many 
casting factors, such as the cooling rate, or by adding alloying components and nucleants (a grain refiner) 
previously or through the casting process. Zirconium can be added to magnesium-lithium alloys for grain 
refinement. One of the significant advantages received from the Zr additions is the excellent ability of grain 
refinement related to other processes. It is believed that zirconium, can be nucleant of magnesium-lithium 
alloys since of the similarity in the lattice structure, consequently giving sufficient nucleation [10-12]. 

In this manuscript, the influence of Zr on the microstructure, thermal stability and mechanical properties of Mg-
Li base alloys are presented. 

2. EXPERIMENTAL PROCEDURE 
Within the framework of present work alloys of magnesium with lithium and aluminium and with Zr as grain 
refinement has been melt, cast and investigate. As main components used in experiments, magnesium with 
technical grade (min. 99.5 % Mg), aluminium 3N8 (99.98 % Al), lithium (99.9 % Li), and Zr (0.2 and 0.5 % Zr) 
as refinement were utilised. Melting and casting of alloys were carried out using laboratory vacuum induction 
furnace VSG 02 from the company Balzers [13]. Melts carried out in a crucible of Al2O3 in shape of ø60x80 
mm, using the ceramic material sheath thermocouple for measuring the temperature of melting and casting 
alloys. 

Magnesium, lithium and aluminium were placed directly in the crucible. Before melting, after closing the 
furnace, repeatedly pumped out a working chamber of the furnace, blowing with argon. As a result, it minimises 
the residual amount of oxygen in the chamber, which could cause contamination and oxidation of the prepared 
alloy. Melts were carried out in argon at a pressure of 86.7 kPA, to minimise the starting components 
evaporation. Melting temperature was approx. 700÷720 °C and the melting time approx. 5 min., which, taking 
into account the strong bath stirring electrodynamic eddy currents in enough for the complete homogenization 
of the melt. Grain refinement was introduced at the end of the melting process from the vacuum containers. 
After placed of grain refinement in the alloy, melts kept in the liquid state for 2 minutes, followed by the casting. 
Alloys were cast by gravity into the cold mould of graphite to give rod-shaped ingots with dimensions ø20x100 
mm. Ingots were characterised by a homogeneous, fine-grained structure and not found to the occurrence of 
casting defects. The chemical composition of achieved alloys is presented in Table 1. 

Table 1 Chemical composition of formed Mg-Li-Al alloys (wt.%) 

Li Al Zr Mg 
4.5 1.5 - 0.2 0.5 Balance 

9 1.5 - 0.2 0.5 Balance 

12 1.5 - 0.2 0.5 Balance 

The linear thermal expansion of the investigated magnesium-lithium alloys was measured in argon atmosphere 
using the Bahr 805A/D dilatometer over a temperature range from ambient temperature to 400 C at heating 
and cooling rates of 1 K/min. 

The as-cast grains of the etched samples were examined using polarised light in optical microscope Leica 
equipped Q-WinTM image analyser. The grain size was measured by the linear intercept method at the centre 
of transverse sections. 

Hardness tests were made using Zwick ZHR 4150 TK hardness tester in the HRF scale. 
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3. RESULTS AND DISCUSSIONS 

The optical micrographs of the as-cast Mg-Li-Al alloys with different level of Li and Zr content are presented in 
Figure 1. Equiaxed grains were obtained in all samples, and no columnar structure was observed.  

The microstructures of specimens after casting are shown in Figure 1. The tested alloy Mg4.5Li1.5Al is 
characterised by α-Mg phase microstructure of solution Li in Mg (Mg solid solution, HCP structure). A 
Mg9Li1.5Al alloy is characterised with a typical duplex phase microstructure composed of a solid solution of 
lithium in magnesium with hexagonal system and magnesium in lithium with regular body-centered system. A 
Mg12Li1.5Al is characterised by a single microstructure of solution β-Li phase (Li solid solution, BCC structure). 

Figure 1 Optical micrographs showing the grain size of Mg-Li-Al base alloy at various level of Li and Zr (in 
wt.%): a) Mg-4.5Li-1.5Al, b) Mg-4.5Li-1.5Al+0.2Zr, c) Mg-4.5Li-1.5Al+0.5Zr, d) Mg-9Li-1.5Al,  

e) Mg-9Li-1.5Al+0.2Zr, f) Mg-9Li-1.5Al+0.5Zr, g) Mg-12Li-1.5Al, h) Mg-12Li-1.5Al+0.2Zr,  
i) Mg-12Li-1.5Al+0.5Zr, Nomarsky contrast 

Figures 1 and 2 clearly show that the grain refining appearance is different for each alloy. Once Zr is added 
to every alloy there is a significant reduction in grain size and then the grain size decreases continuously with 
further increments in Zr. For example, the Mg4.5Li1.5Al alloy can be refined from 927 to 683 µm by 0.2 wt.% 
Zr, while 0.5 wt.% Zr causes decreases to 451 µm. Due to the addition of Zr, the grain size of the Mg9Li1.5Al 
alloy was reduced obviously. When the addition of Zr was 0.2 wt.%, the mean grain size of the Mg9Li1.5Al 
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alloy was reduced from 789 to 630 µm. Further increasing the addition of Zr caused the grain size slightly 
decrease to 613 µm. It can be seen from Figure 1 and 2 that the grain size of Mg12Li1.5Al alloy untreated by 
Zr, is high compared with alloys modified with Zr. However, after being treated by the 0.5 wt.% Zr, the grain 
size decreased from 649 µm to 461 µm. 

 
Figure 2 Variation of grain size of investigated Mg-Li-Al alloys with the addition levels of Zr 

Changes in hardness were plotted against the content of Li and Zr, as presented in Figure 3. The hardness 
of unmodified Mg4.5Li1.5Al alloy was 37.2 HRF which increased to 49.9 HRF with 0.2 wt.% Zr addition. 
Furthermore, an increase in hardness to 57.7 HRF with Zr levels up to 0.5 wt.% was also observed. Hardness 
measurements of Mg12Li1.5Al with a change in the concentration of Zr from 0.2 to 0.5 wt.%, the hardness 
increased from 70.4 HRF to 85.6 HRF. Modification of Mg9Li1.5Al by zirconium has no influence on the 
hardness of analysed alloy, and it is approx. 63 HRF. Besides, it can also be observed that the hardness 
increases with increasing Li content. For instance, by increasing the Li content from 4.5 to 12 wt.% the 
hardness increases from 37.2 HRF to 70.4 HRF. 

 
Figure 3 Hardness of investigated Mg-Li-Al alloys 
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Based on the data obtained from the dilatometric tests (Figure 4) determined coefficient of thermal expansion 
 (CTE). Analysis of the heating and cooling dilatometric curves of analysed materials has been found that a 
Mg4.5Li1.5Al alloy with HCP structures characterised by a linear increase in expansion coefficient as a function 
of temperature. The CTE slightly increases with an increase in temperature from 27 to 2910-6 K-1. Modification 
by zirconium has no effect on CTE in analysed alloy. The opposite situation occurs in a case of Mg12Li1.5Al 
alloy with BCC structure. With the increase in temperature, the value of CTE slightly decreases from 38 to 
36.4610-6 K-1. Modification causes an increase in CTE of analysed alloy.  

The analysis of CTE of Mg9Li1.5Al with duplex structure has validated the fact that linear coefficient of thermal 
expansion depends on temperature and content of Zr. Untreated Mg9Li1.5Al alloy has CTE about  
29.410-6K-1, and with further increasing temperature to 250 C CTE increases to 34.3910-6K-1. With further 
increasing of temperature to 400 C caused a decrease of CTE to 31.9310-6 K-1. If was also found that 
modification of analysed magnesium alloy causes decreases of CTE to 23.6610-6 K-1 at a temperature of  
350 C. Also, it can also be observed that the coefficient of thermal expansion increases with increasing Li 
content. 

 
Figure 4 Changes of linear thermal expansion coefficient of investigated Mg-Li-Al alloys 

4. CONCLUSION 
Zirconium is an efficient grainrefiner for the Mg-Li-Al cast alloys. With the increase of the addition of Zr, the 
grain size of Mg4.5Li1.5Al cast alloy is reduced obviously, and the smallest grain size is 451 µm when the 
addition of Zr is 0.5 wt.%. The grain size of Mg9Li1.5Al cast alloy is reduced to 613 µm when the addition of 
Zr is 0.5 wt.%. The grain size of Mg12Li1.5Al cast alloy is reduced to 461 µm when the addition of Zr is 
0.5 wt.%. 

Zr has an influence on hardness for the Mg4.5Li1.5Al and Mg12Li1.5Al cast alloys. With the increase of the 
addition of Zr, the hardness of Mg4.5Li1.5Al increases obviously, and the highest hardness is 57.7 HRF when 
the addition of Zr is 0.5 wt.%. The hardness of Mg12Li1.5Al is increased to 85.6 HRF when the addition of Zr 
is 0.5 wt.%. The Zr addition has basically no improvement of the hardness of the Mg9Li1.5Al alloy. 
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Research based on dilatometer tests demonstrated that the analysed Mg4.5Li1.5Al with HCP structure and 
Mg12Li1.5Al with BBC structure are characterised by a linear increase and a decrease of CTE, respectively. 
Moreover, these two phases have different values of coefficient of thermal expansion. It was found that the 
coefficient of thermal expansion increases with increasing content of lithium.  
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Abstract 

The paper presents quality control tests performed to monitor aluminum beverage can making process. The 
analysis comprises tests performed from the moment when the aluminum stripe is about to be fed into the line, 
to the moment when cans are packed in a palletizer. What is more, a general idea of a new test that is aimed 
at verification of formability of aluminum stripes, and results from first research based on both high-efficiency 
and problematic stripes, are also presented. Introducing the new test is believed to help increase efficiency of 
the line, but also influence stability of final parameters.  

Keywords: Aluminum beverage can, quality control, formability of aluminum stripes 

1. INTRODUCTION 

The idea of using aluminum as material for packing beverages was first introduced into life in 1959 by Coors. 
Since that moment, aluminum cans ensure a high level of safety to drinks that are stored in them [1]. What is 
more, such features of them as: lightweight, ease of handling, cost-effectiveness and the exceptional isolation 
from air, light and moisture, have made them perfect for an innovative, useful and attractive packaging used 
also for labelling and product branding.  

 
Figure 1 Can body and its most important parameters 
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Although for many consumers can body does not seem to be a product worth longer consideration, they are a 
result of a very precise and rapid production process, and meet many requirements. Figure 1 presents the 
most important parameters checked during quality control tests performed on final cans.  

2. AIM AND SCOPE 

The aim of the paper is to present and analyze the complexity of operations and tests involved in quality control 
of aluminum beverage can production, as well as to introduce the idea of a test for checking formability of 
aluminum stripes used in can making process, that would become a part of quality assurance system. The 
paper also presents results of first tests conducted using designed tools.  

3. BEVERAGE CAN PRODUCTION PROCESS 

Aluminum beverage can production process is well-known as very precise and fast. The speed of the horizontal 
press shaping a can body is about 350 cans per minute [1]. What is more, the material used in the process is 
an aluminum stripe of thickness between 0.270 and 0.245 mm while the wall thickness of a final product does 
not exceed 0.160 mm (for 33 cl cans) [1]. Moreover, the production process consists of several operations in 
which the quality of a stripe and conditions of shaping tools are crucial.  

Aluminum beverage cans are manufactured in a multi-operational production process whose shaping stage is 
based on drawing and ironing (D&I) [3]. The process starts from loading a stripe on a feeder with lubricator to 
a vertical press called ‘cupper’, where 2 operations are carried out - cutting blank from an aluminum stripe and 
drawing a cup from it. The cup, automatically fed into a horizontal press, is centered by the cup locator and 
held down by the redraw sleeve. Several operations are realized in only one stroke, these are: redrawing, 1st, 
2nd and 3rd ironing and dome shaping (in the bottom of a can). Shaping starts from the redraw die sizing the 
cup to the punch sleeve. Then, the material is forced to flow through the ironing die [4].  

After a can body is shaped together with a dome, cans are stripped from the punch by air pressure and held 
by stripper fingers on the reverse stroke of the ram. Then, cans are trimmed and washed from all dirt, aluminum 
pulp and lubricants and coolants that are used in presses. After drying operation, cans are externally decorated 
and lacquered, as well as the internal coating is put on [5]. Later, a neck and a flange are shaped which allows 
for closing cans with lids after filling them with beverages. Figure 2 presents the evolution of shape and 
thickness after each forming operation from a blank to a final shape of a can body. Part a) presents operation 
carried on the vertical press. Part b) represents shaping a) can in a bodymaker and finally operations held in 
necker - necking, flanging and reforming, represented in part c).  

Figure 2 Evolution of shape of a can from a blank to a final product [6] 

4. QUALITY OF CANS 
In [5], FMEA analysis helped to identify 39 potential failures that may potentially appear in processes realized 
on Cupper and Bodymaker and 89 of their potential causes. The identified failures are e.g. slight or severe 
wrinkling in a cup, elliptic shape of a cup or a can, differences in circumferential distribution of thickness in a 
cup or a can, tearing off a wall or a bottom, “smile mark”, dimensions of the elements that are out of tolerance, 
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and many others. On the other hand in [2] authors present results of an analysis of defects in a can. According 
to them, the most frequently observed defects were connected to decorating operations, these were: various 
shades of lithography, roughness of coating lacquer or untightness of internal coating layer and illegible text 
or bar code. Some mechanical defects also occurred, such as damaged side walls or defects on necking. 
However, according to [2] the ratio of cans with identified defects to the number of overall monthly production 
was 0.37, which may suggest that the quality control and process parameters monitoring system work on the 
highest level.  

4.1. Quality control on the production line 
The regular control plan starts with a visual control of the stripe used as a body stock. This control is aimed at 
identification of potential damages during the transport, flooding or worrisome condition of surface or metal 
stripe itself (scratches, inclusions, streaks, dirt, etc.). The next stage of the quality control plan is visual control 
of cups and their edges after drawing in the vertical press. The cups are also measured to monitor their 
thickness and the amount of lubricant.  

Visual control carried out after a can body is shaped concerns condition of surface, sidewall and edges. Other 
measurements check such parameters as thickness of thin and thick wall, depth of a dome and external 
diameter of a can. Another parameter that has to be monitored after trimming a can body is its height, which 
is crucial for both customers’ requirements, and further production operations, including necking and flanging. 

Next sequence of tests is aimed at checking quality of lithography and internal, external and bottom coating. 
Then certain number of samples is also taken from each board to check the application and distribution of 
ground lacquer. The same parameters are monitored for lithography and external coating.   

The final shape of a can body is obtained after a can leaves a machine called necker. In fact, the machine 
realizes 3 operations, these are: necking, flanging and reforming. As a result, this moment of production is a 
start point for final dimensions control. Parameters controlled at this stage are: height of final can, flange width, 
internal diameter of necking, reforming parameters (diameter and height). The parameters influence final 
properties of cans, like reforming dimensions, and determine proper proceeding of filling cans at customers’ 
production lines, e.g. width of a flange determines if there are problems with closing a can with a lid. As it was 
mentioned above, due to its significance, also tightness of internal coating is controlled at this point.  

Before cans are transported to a palletizer, all of them are suspected to optical control made by a video tester 
that scans their interior. It is the last point where any defects, like: untightens of a wall, dirty internal sidewall, 
etc. may be detected and isolated from flawless products.  

During packing operation, as also during all previous operation, it is important to visually check certain number 
of cans defined in sampling plan of regular quality control. During this operation, the parameters of packing 
should also be checked including tension of tapes and condition of materials used. It is also a moment when 
quality control department samples certain number of final cans to check their final condition of coating, 
appearance, quality of decoration and, especially, mechanical parameters, these are: axial load, dome growth, 
dome reversal pressure and, required by some customers, drop test. Required values of these parameters are 
independently defined by individual customers and controlled on certain number of samples taken from each 
bodymaker.  

5. QUALITY CONTROL OF ALUMINUM STRIPES AIMED AT CHECKING THEIR FORMABILITY  

As it was discussed above, quality control is conducted throughout the whole can making process involving 
over 40 tests aimed at monitoring parameters that are important for stability of both the process and quality 
performance of final cans. However, it is striking that the quality control of a body stock is only limited to visual 
control, while undoubtedly properties of material influence both final parameters of cans but also efficiency of 
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the process itself. As it was mentioned in [4, 7], the performance of the line is dependent on condition of tools, 
lubrication condition but also properties of the material. It is known, that all coils of aluminum stripes that are 
delivered to can producers are attached with a certificate from a supplier which contains values of mechanical 
parameters of the material, its chemical composition and basic information about the product. Quality control 
of a coil before it is fed to cupper is mainly aimed at visual identification of any traces of flooding, damage of 
material that might be caused by improper transportation or at control of the surface.  

However, can producers struggle with incidental increase in jams on presses, especially bodymakers, which 
is believed to be bound up with material parameters. What is more, basic mechanical properties included in a 
certificate do not always come up with the answer to the problem. This may be explained by changes in the 
material that take place during shaping in a multi-step process. Since the jams are mainly concentrated in 
bodymakers, mechanical properties of the material should not be directly correlated with the phenomenon, as 
the input material of every step of the subsequent operation is a material strengthened and changed by 
previous forming operations. Thus, it is important to introduce a test that will be a part of quality control plan 
and which will be able to check formability of aluminum sheets in all operations included in can making process. 
The idea is presented in Figure 3.  

The test is a single-stroke test that involves such metal forming operations as: drawing, redrawing and ironing. 
What is more, the fragment of a sample that will be subjected to ironing is also subjected to drawing and 
redrawing beforehand. Figure 3 presents 3 stages of the test that are realized in a single stroke, these are: a 
blank, drawn cup and the final drawpiece with a fragment after subjection to redrawing and ironing (fragment 
with a change in thickness). The idea of the test is to deliver information about an aluminum stripe on the basis 
of its performance during the test expressed by the maximal height of internal part which is drawn and ironed 
in the bottom (h). This means that the test is conducted until a sample is broken.  

 
Figure 3 The idea of a quality control test of formability of aluminum stripe 

The aim of the experiment was to determine the minimal height (h) that may be obtained for materials whose 
efficiency on the line was high and compare them to results obtained from stripes that were withdrawn from a 
production line due to increased number of jams. As a result, 16 different aluminum stripes from 3 producers 
(P, R, S) were tested using the set of tools including the exchangeable punch of diameter 65.97 mm. 4 stripes 
from producer S were problematic and withdrawn from production (S.P.1, S.P.2, S.P.3 and S.P.4) Thickness 
of stripes was 0.245 mm. From each material 3 blanks were cut out and tested. During the experiment, maximal 
force obtained in the test (F) as well as the reposition of the upper punch (s) were recorded. On the basis of 
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movement of the punch, the height of the bottom part of a sample was calculated. Results are presented in 
Table 1. While F indicates maximal force obtained in the test for a given sample, Fa is the average force 
calculated for 3 samples from a stripe. What is more, h indicates height of bottom part of obtained sample 
(Figure 3) calculated on a basis of reposition of the punch, as the bottom part is started being shaped when 
the punch reaches the lower holder, which was at s = 179.9 mm. Value of hav indicates average height 
calculated for 3 samples.  

Table 1 Results of the experiment obtained for high-efficient stripes from 3 different suppliers 

 

As it may be seen on the basis of Table 1, material from producer S differs in the average value of obtained 
height (h) of the bottom part of a sample. While for producers P and R, values of average height (hav) varied 
slightly from 21.3 mm to 21.5 mm, the height for producer S only in one sample exceeded 21 mm. The minimal 
height (h) obtained in the tests was 20.7 mm (sample S.1.1). Also a difference may be observed in the maximal 
force obtained. While for producers P and R, only for one material (P.3) the force exceeded 20.5 kN, for 
materials from producer S, the average force always exceeds this value.  

Those results may suggest that material S is more strengthened after cold rolling and operations taking place 
during can production process and thus cannot be ironed for the same height as materials from other suppliers.  

Table 2 presents results of the experiment obtained for 4 stripes from supplier S whose performance on 
production line was so ineffective, that they were withdrawn from it. As it may be seen, also for low-efficiency 
materials Fa exceeds 20.5 kN (as in the case of high-efficient materials from supplier S). A difference may be 
also observed in the case of height of the bottom part, which varied from 20.7 to 20.77 mm.  

 

Producer
Material
No. of a 
sample

P.1.1 P.1.2 P.1.3 P.2.1 P.2.2 P.2.3 P.3.1 P.3.2 P.3.3 P.4.1 P.4.2 P.4.3

F[kN] 20.2 20.4 20.5 20.5 20.2 20.2 20.7 21 21 20.3 20.6 20.4
Fa[kN]
s[mm] 158.2 158.3 158.4 158.3 158.4 158.5 158.5 158.3 158.3 158.4 158.4 158.5
h[mm] 21.5 21.4 21.3 21.4 21.3 21.2 21.2 21.4 21.4 21.3 21.3 21.2

hav [mm]
Producer
Material
No. of a 
sample

R.1.1 R.1.2 R.1.3 R.2.1 R.2.2. R.2.3. R.3.1 R.3.2 R.3.3 R.4.1 R.4.2 R.4.3

F[kN] 20.5 20.4 20.5 20.3 20.1 19.9 20.2 20.5 20.1 20.4 20.2 20.3
Fa[kN]
s[mm] 158.2 158.1 158.3 158.3 158.4 158.4 158.3 158.4 158.4 158.1 158.3 158.3
h[mm] 21.5 21.6 21.4 21.4 21.3 21.3 21.4 21.3 21.3 21.6 21.4 21.4

hav [mm]
Producer
Material
No. of a 
sample

S.1.1 S.1.2 S.1.3 S.2.1 S.2.2 S.2.3 S.3.1 S.3.2 S.3.3 S.4.1 S.4.2 S.4.3

F[kN] 20.5 20.7 20.7 20.6 20.3 20.7 20.6 21 21 20.7 20.5 20.8
Fa[kN]
s[mm] 159 158.9 158.8 158.7 158.9 158.6 158.8 158.8 158.7 158.7 158.8 158.8
h[mm] 20.7 20.8 20.9 21 20.8 21.1 20.9 20.9 21 21 20.9 20.9

hav [mm]

P
P.1 P.2 P.3 P.4

20.37 20.30 20.90 20.43

20.47 20.10 20.27 20.30

21.50 21.33 21.33 21.47

21.40 21.30 21.33 21.27
R

R.1 R.2 R.3 R.4

20.80 20.97 20.93 20.93

S
S.1 S.2 S.3 S.4

20.63 20.53 20.87 20.67
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Table 2 Results of the experiment obtained for low-efficient stripes from 1 supplier 

 

6. CONCLUSION 

With no doubt quality control of material before it is applied to the process may be crucial from the point of 
view of both performance of efficiency and final parameters of products. The idea of the test proposed in the 
experiment is to identify problematic materials before they are fed into a line thanks to determination of minimal 
height (h) of a fragment shaped (drawn and ironed) in the bottom of a sample. The aim of the test is to check 
performance of the material not only in drawing but also in ironing operation.  

The first stage of the research involved 16 materials from 3 supplies (12 stripes of high-efficiency and 4 stripes 
from supplier S of low-efficiency).  

Analyzing results of high-efficient materials obtained in the test, a difference between the height (h) of samples 
from materials from supplier S and materials from other 2 suppliers may be seen. A small difference may also 
be observed in maximal force recorded during the tests, which is higher for producer S. As a result, it may be 
said that probably materials from supplier S are more strengthened after all plastic working operations 
(included in production process of a stripe and drawing and ironing) than the other ones.  

Comparing these results with values of hav obtained for problematic materials, a slight difference between them 
may be observed. For all materials of low-efficiency on the line that were withdrawn from it, hav is lower than 
in case of most of high-efficient material (except for S.1.1 with h = 20.7 mm), and varied from 20.7 to 20.77 
mm.  

As a result it may be concluded that the idea of the test seems to give hopes for possibility to differentiate low-
efficient materials from those of high-efficiency. However, because of small differences between the values of 
results obtained with the punch of diameter 65.97 mm, it is necessary to conduct more tests using different 
dimensions of a punch (bigger diameters), which will result in thinner clearance between tools and probably 
bigger difference in values of force and height of the bottom part.  
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Abstract  

The purpose of the work has been the evaluation of flow and solidification of AlMg10 alloy during the fill mould 
cavity in the spiral fluidity test and simulation of graphite particles movement during the filling of mould cavity 
the composite suspension on AlMg10 alloy matrix. This evaluation has been performed on the basis of 
computer simulation of the mould cavity filling and the solidification of the casts using by means of the Nova 
Flow and Solid program. The AlMg10 alloy has been cast into the oil sand mould. During the simulation 
changes of temperature have been registered, the solid phase fraction growth has been observed, and the 
changes of flow rate in the mould channel have been recorded until the flow stop. A series of figures presents 
the arrangement of the graphite particles during the subsequent flow stages and after the flow stop. This 
distribution of graphite particles has been compared with the results of particle trajectory calculations obtained 
from the solution of the flow equation showed in earlier publications. 

Keywords: Composite, graphite particle, aluminum alloy, simulation, solidification 

1. INTRODUCTION  

The phenomena occurring during the flow of metals in the casting moulds are the most important for casting 
production. Filling of the cavity mould must be such as to preclude the risk of defects of the future casting. 
Many factors affect the proper filling of the cavity of the mould. These are factors related to the nature of the 
metal itself such as the alloy's chemical composition, setting points range, specific heat, thermal conductivity, 
viscosity, or surface tension. The ability to fill the mould cavity is also influenced by factors related to the casting 
mould such as the shape of the filler system, the thermophysical properties of the moulding material, mould 
surface quality, and factors related to casting conditions such as the degree of overheating and the time and 
rate of pouring [1-6]. The complexity of the flow phenomena, combined with heat transfer and solidification 
phenomena, makes this problem so far unresolved.  

The input of ceramic particles into the molten alloy changes most of these factors in particular the metal 
parameters, and therefore strongly influences filling the mould cavity [7-9]. Ceramic particles primarily cause 
changes in the viscosity of the flowing liquid, change the thermodynamic properties of the alloy, affect the 
crystallization process by interacting with the crystallization front or the nucleating. By interacting the particles 
with the crystallization front, there may be irregular distribution in the volume of the matrix [10-14]. Difference 
in density of matrix material and reinforcing particles also contributes to the irregular distribution of particles. 
The placement of the particles generally influences the properties of the composite. The irregular distribution 
of the reinforcing phase in the composite matrix causes the composite, regardless of the type of reinforcement, 
to exhibit relatively low mechanical or tribological properties. Therefore, it is very important to learn about 
particle flow mechanisms and their distribution in the matrix. Knowing the particle distribution in the composite, 
it is possible to pre-estimate the future properties of metal composites reinforced with ceramic particles. 

In recent years, research into the flow of metals and alloys in mould channels using computer simulations has 
been intensively developed [15-16]. However, the modelling of mould cavity filling processes should be based 
on experimental data to simulate near real conditions. Knowledge of the set of characteristics the flow of liquid 
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metal in the cavity mould, ie. flow velocity or change of solidification temperature enable verification of 
computer simulations of these processes. 

2. METHODOLOGY OF RESEARCH 

Simulation of mould cavity fill and solidification of the casting was performed using the Nova Flow and Solid 
computer program. The AlMg10 alloy with a wide range of solidification temperatures were selected for model 
studies. Numerical simulation of the flow of metal during filling of mould cavity made of oil moulding mass was 
carried out. The spiral cast has a trapezoid cross-section with a base of 9 and 5 mm and a height of 7 mm. 
The alloy was cast by gravity and the pouring temperature was set at 670 °C. During the simulation of flow 
and solidification of AlMg10 alloy, metal temperature changes, pressure changes in the mould cavity were 
recorded. It was observed how the flow rate of the test alloy changed and the change of the solid phase share 
during the solidification of the test material was observed.  
Simulation of the flow of graphite particles was also performed during the filling of the mould cavity of the 
AlMg10 alloy composite suspension. The model solution included the flow of graphite particles with a particle 
size of 100 μm and a density of 2000 kg/m3, in a flowing AlMg10 alloy with a density of 2300 kg/m3. It was 
assumed that the composite suspension was cast to the same mould as the AlMg10 alloy of the same 
temperature. 

3. RESULTS OF RESEARCH 

Figure 1 shows the temperature field of AlMg10 alloy flowing in the spiral mould channel recorded by the 
program during the simulation. From the figure it follows that the flow of melt stops when the temperature at 
the end of the spiral reaches 566 °C, that is, the flow stops before the alloy reaches the equilibrium solidus 
temperature, which for AlMg10 alloy is 520 °C. 

 

Figure 1 Temperature field of AlMg10 alloy flowing in casting mould 

Figure 2 shows the change in the liquid phase share of the spiral cast length after the end of the flow. 
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Figure 2 Liquid phase AlMg10 alloy in the casting after the flow 

The Figure 2 shows that after the end of the flow at the end of the spiral is still 25 % of the liquid phase and 
yet the stop no longer flows. The sprue is 95 % liquid whereas close behind the sprue area is 90 % liquid 
phase. Of course, the further downstream of the sprue, the share of liquid phase decreases. The velocity fields 
in the subsequent stages of the melt flow in the mould channel are shown in Figures 3-5. 

 

Figure 3 Velocity change of AlMg10 alloy in initial phase flow 

From the simulation figures for the AlMg10 alloy it appears that in the initial phase of the flow the melt flow rate 
is very large and is at the bottom of the sprue about 2.3 m/s. Then the melt flow rate decreases to 0.6 m/s and 
then temporarily increases to 2.3 m/s. Then there is a quiet flow at a speed of about 0.4 m/s until the flow of 
the flow is stopped. 
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Figures 4 and 5 show the initial phase of the composite suspension flow. The cross-section (Figure 4) shows 
that the particles do not flow like the full stop with the sprue only flowing through the centre of the infusion. 
Figure 5 shows the characteristic discontinuity of a stream of graphite particles in the alloy matrix. This is due 
to the construction of an gating system in which a large pouring basin is designed to retain solid inclusions in 
the metal stream. This effect is reflected in the simulation shown, where the graphite particles are retained in 
the pouring basin. In Figure 5, it can also be seen that particles flowing out of the gating system are chaotic 
but uniformly dispersed in the cast. 

 

Figure 4 Initial stage of flow-cross section 

 
Figure 5 Initial stage of flow-3D view 

At a later stage of the flow the particles are pushed through successive metal portions. Figures 6-7 show 
particle distribution in the casting at the end of flow. Figure 6 shows a 3D view, and Figure 7 shows the cross-
section of the cast. These figures show that most of the graphite particles are at the end of the spiral, the 
particles are pushed towards the end of the spiral casting. Particular movement of the particles upward at the 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1864 

end of the spiral cast can also be observed, as evidenced by earlier solutions of the particle motion equation 
in the mould channel. 

 

Figure 6 Distribution of graphite particles after flow finish-3D view 

 
Figure 7 Distribution of graphite particles after flow finish-cross section 

4. CONCLUSION 

Metal matrix composites are used more and more often for the manufacture of machine parts or equipment. 
The requirements for these materials are, above all, high abrasion resistance, mechanical strength, heat 
resistance and resistance to high temperatures. On all of these properties are influenced primarily by the 
distribution of ceramic particles in the metal matrix. By predicting the particle distribution in the matrix we can 
predict the properties of the composite cast. These predictions can help us skillfully use simulation programs. 
By simulating the suspension flow, we can eliminate the risk of casting defects that determine casting quality 
and try to control the placement of particles by varying the flow parameters or the construction of the gating 
system or the shape of the composite casting itself. The simulated flow and distribution of graphite particles 
confirm the results obtained from direct measurements and calculations. Very similar results of the experiments 
presented in [11-13] were obtained by the authors of the above article which proves that the Nova Flow and 
Solid program is very useful for the design of foundry technology. 
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Abstract 

Thermal treatment of NiTi alloys allows influencing of superelastic behavior through microstructure changes 
significantly. The appropriate thermal regime is able to move austenite-martensite transformation 
temperatures. The aim of the work was the study of microstructure of NiTi specimens with 55.85 wt.% Ni of 
the wire shape before and after the thermal treatment. The heat regimes were performed at these conditions: 
solution treatment at  600 °C for 1 hour followed by water quenching; ageing at eight different temperatures 
(250, 270, 290, 300, 350, 400, 450 and 500 °C) for 30 minutes. Microstructures features were studied by 
means of optical and scanning electron microscopies, EDX microanalysis and microhardness measurement. 
Higher ageing temperatures led to an increase in microhardness and microstructure changes. 

Keywords: NiTi, heat treatment, ageing, microstructure, SEM/EDX analyses 

1. INTRODUCTION 

The NiTi intermetallic compound, usually called Nitinol, belongs to a group of materials known as Shape 
Memory Alloys (SMA); sometimes it is also called a “Smart Alloy”. Its chemical composition ranges between 
49 to 51 at.% Ni [1]. Apart from the shape memory behavior, we should mention also very high corrosion 
resistance and biocompatibility that are caused by a naturally or artificially formed TiO2 oxidic layer, similarly 
as on other Ti-based alloys.  

The control of functional properties of NiTi alloys merely through chemical composition changes is insufficient 
in many cases and is not able to solve various problems for particular applications [2]. Heat treatment is a 
different, and in many regards preferable, alternative, which influences significantly a lot of resulting properties, 
such as a microstructure, a level of internal stresses, a homogenous distribution of alloying elements, a 
character of segregated phases or precipitates and many other characteristics. In a case of NiTi alloy, heat 
treatment has also a crucial effect on the shape memory behavior and superelasticity, therefore this issue is 
necessary to be dealt with closely. However, a general summary of a heat treatment effect on NiTi alloys is 
very complicated and strongly depends on a particular material composition. In NiTi alloys with a higher Ni 
concentration, precipitation processes occur during some thermal or thermo-mechanical processing in contrast 
to alloys with a higher Ti proportion. 

Parameters of the primary or reverse phase transformation austenite ↔ martensite and transformation 
temperature values can be changed significantly through modifications of a heat treatment temperature, a 
holding period on the given temperature or a cooling rate and a cooling method. Various annealing and ageing 
variants, having an important influence particularly on types of structural phases in final products, can be 
concrete examples of the applied heat treatment for NiTi alloys [3]. However, it is not only the thermal regime 
and the above mentioned characteristics that make a difference; the heating procedure itself and the outer 
environment are important factors for heat treatment as well. It is important to avoid oxidation processes to 
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occur on NiTi alloy surfaces at high temperatures during a defined thermal regime, therefore a determination 
of a furnace atmosphere is so important for the applied heat treatment [3]. 

For binary NiTi alloys containing < 50.4 at.% Ni (near equiatomic alloys), pseudoelasticity has been observed 
in specimens that were cold formed and subsequently annealed at temperatures below their recrystallization 
critical temperature. The annealing temperature for invoking the optimal pseudoelastic behavior ranges 
typically between 397 - 467 °C. In products annealed within this temperature interval a high dislocation density 
after the foregoing cold forming is maintained [4]. 

The influence of the thermo-mechanical processing on the stress-strain behavior (the stress-strain curve 
changes) was described by Otsuka [5], who found out that the best superelastic or shape memory 
characteristics were achieved after annealing of a NiTi specimen at 400 °C following a foregoing cold forming. 
This behavior was closely connected with the presence of dislocations in a structure and recrystallization 
phenomena. 

During particular annealing processes various phenomena occur, such as internal stress relaxation, 
reorientation of dislocations or recrystallization, and naturally also changes of transformation temperatures 
which characterize transformations of austenite, martensite, possibly R-phase (if present in the given alloy). 
Meng et al. [6] detected temperatures of phase transformations of Ms, Mf martensite and As, Af austenite 
through measuring electrical resistance changes. The authors [6] observed the R-phase transformation at 
36 °C in a specimen annealed at 400 °C and found out occurrence of Ti3Ni4 precipitates. For alloys with a 
higher Ti proportion, which are commonly annealed after forming processes, dislocation hardening is applied 
in particular, while for Ni-rich alloys, which are subjected to ageing, precipitation hardening is applied more 
likely. Due to this hardening a common feature for both of the cases is an increase in yield strength, for example 
in comparison with only annealed materials [4, 7].  

The aim of this work was the study of microstructure of NiTi alloy specimens with 55.85 wt.% Ni of the wire 
shape with a diameter of 1 mm before and after the thermal treatment using annealing and subsequent various 
ageing regimes. 

2. EXPERIMENT 

The initial material for the experiments was a NiTi alloy wire delivered by MEDIN, a.s., a manufacturer of the 
original material was Nitinol Devices & Components (Fremont, California). The production designation of the 
material is SE508. The chemical composition is shown in Table 1.  

Table 1 Chemical composition of the initial NiTi material [8]  

Element Ni Ti O C 

Wt.% 55.8 rest ≤ 0.05 ≤ 0.02 

10 specimens with lengths from 1.5 to 2 cm were taken from the initial NiTi wire with a diameter of 1 mm. Nine 
specimens were heat treated in Linn HT-1800 chamber furnace with resistance heating. One specimen was 
maintained in the initial condition for a comparison. The heat treatment involved solution treatment and ageing 
- see Figure 1. The solution treatment (ST) was performed at 600 °C temperature for a period of 1 h, the 
specimens were subsequently quenched in water. In order to avoid or maximally eliminate the high-
temperature oxidation, to which Ti and its alloys are strongly susceptible, the heat treatment process was 
performed in the argon atmosphere. The ageing process was performed for a period of 30 minutes at 
temperatures: 250, 270, 290, 300, 350, 400, 450 and 500 °C. Immediately upon ageing the specimens were 
quenched in the aqueous medium.  
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The prepared metallographic specimens were studied using the optical method (OLYMPUS GX51 inverted 
metallographic microscope equipped with OLYMPUS DP12 digital camera). The microstructure and phase 
analysis was performed using the SEM/EDX method (a scanning electron microscope, JEOL JSM-6490LV 
type equipped with INCA x-act analyzer). FUTURE-TECH FM-100 automatic microhardness tester with FM-
ARS900 control unit was used to determine the Vickers microhardness. The microhardness was measured 
through 12 indents in the central part in parallel with the edge of the specimen at 0.1 kg load.   

3. RESULTS 

3.1. Microstructure analyses  

Figure 2 shows images of the selected specimens after different heat treatment regimes, both in the initial 
condition and after high-temperature annealing 600 °C/1h, as well as after ageing in various conditions. The 
structure was developed using chemical etching in a solution of HF + HNO3 + CH3COOH acids. 

3.2. SEM/EDX analyses 

Figure 3 shows SEM microstructure images and EDX microanalyses of NiTi specimens after different heat 
treatment conditions. The matrix consists of a NiTi stoichiometric phase (50:50 at.%), in which a minor Ti2Ni 
phase (67:33 at.%) occurs in a form of formations elongated in a direction along a longitudinal axis of the wire, 
i.e. along the wire deformation direction during drawing through dies. In Figure 2, the dark tiny formations 
being in a contact with the Ti2Ni phase are oxides.  

3.3. Microhardness 

The resulting average HV0.1 microhardness values obtained from 12 measurements are summarized in 
Table 2. 

Table 2 Microhardness HV0.1 of NiTi after various heat treatments (average value from 12 measurements) 

Annealing 1 hour & quenching  No 600 °C 

Ageing 30 minutes & quenching  No No 250 
°C 

270 
°C 

290 
°C 

300 
°C 

350 
°C 

400 
°C 

450 
°C 

500 
°C 

Microhardness HV 0.1 357 246 253 291 301 349 323 315 320 320 

Standard deviation σo 18.6 17.9 16.5 18.8 22.3 36.3 22.6 17.5 24.9 13.5 

Solution treatment 

Time 

Te
m

pe
ra

tu
re

 

Quenching 
Time 

Ageing 

Figure 1 Heat treatment of NiTi wires 
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3.4. X-ray diffraction analysis 

On the base of the x-ray diffraction analysis the sample (initial material - see Figure 2 A) is formed with the 
martensitic TiNi (evidently monoclinic super-textures P21/m + P2/c) and with the cubic TiNi - Figure 4. The 
TiNi cubic phase is evidently defective or high textured, (003) diffraction is quite missing. According to analysis 
by means of SEM, the specimen is formed with ledgelike aggregate of the martensite, in which the submicron 
cubic crystals (cubic TiNi) are overgrown. 

 
Figure 2 Microstructure of NiTi wires after various conditions of heat treatment 

A) Initial state. B) After annealing 600 °C/1 h + quenching. C) to F) After annealing 600 °C/1 h + quenching + 
ageing (30 min) + quenching. C) Ageing temperature 250 °C. D) 290 °C, E) 350 °C, F) 450 °C 

A B 

C D 

E F 
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Figure 3 SEM/EDX analysis of NiTi wire after various heat treatment 
A) Initial material. B) After ageing 290 °C/30 min. C) After annealing 600 °C/1h + quenching.  

D) After annealing 600 °C/1h + quenching + ageing 300 °C/30 min + quenching 

 

Figure 4 X-ray diffraction spectrum of TiNi alloy (wire diameter 1 mm, initial material 

A B 

C D 

At.% O Ti Ni 
1 - 67.4 32.6 
2 - 50.8 49.2 
3 20.8 50.7 28.6 

At.% Ti Ni 
1 67.5 32.5 
2 50.5 49.5 

Area 50.9 49.1 
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4.  DISCUSSION 

The EDX analysis showed that the Ni proportion in the chemical composition of the initial material used for the 
experiment made by NDC, Remont, from which the NiTi wire was manufactured, was 49.2 at.% Ni in contrast 
to expected 50.7 at.% Ni. 

The SEM images as well as the EDX analysis results for all the specimens proved the presence of the minor 
Ti2Ni phase in a form of individual particles or clusters of broken particles on oxide inclusions, which were 
formed into elongated formations parallel along the wire axis. According to [9] we can assume that Ti2Ni phase 
particles have been formed just during manufacturing of the original material, which was used for the 
manufacture of the wire subsequently. This presupposition is proven also in the SEM images of the particular 
specimens (Figure 3). The occurrence of Ti2Ni particles arranged in elongated forms was invoked by forming 
processes during manufacturing of the wire.  

The initial wire was subjected to annealing at 600 °C and follow-up ageing at temperatures of 250, 270, 290, 
300, 350, 400, 450 and 500 °C. The resulting SEM analyses show precipitation of a high number of fine disk-
shaped precipitates after the performed annealing. However, the precipitation processes can be observed 
mainly in Ni-rich alloys containing more than 50 at.% Ni. By segregation of the Ti2Ni phase a decrease of Ti 
atoms in the matrix occurs, leading to enriching the matrix by Ni atoms subsequently. This situation is 
advantageous at elevated temperatures for the precipitation processes observed in the studied alloy. 

Determination of the actual chemical composition and thus also the exact type of the fine precipitates observed 
in all of the specimens, which were subjected to annealing or ageing, was not possible due to their very small 
size. Their length ranged approximately between 0.7-1.3 μm, the thickness within an interval of 0.1-0.25 μm, 
which cannot be chemically analyzed using SEM equipped with EDX probe.  

There are several kinds of precipitates that occur during heat treatment of NiTi alloys. These are in particular 
Ti3Ni4, Ti2Ni3 and TiNi3 [10]. Most probably, in our case these are Ti3Ni4 type precipitates. The morphology of 
the precipitates observed in the SEM images is of a disk shape, similarly as the morphology of Ti3Ni4 
precipitates, as confirmed in [11]. 

The first heat treatment regime (annealing followed by water-quenching) developed in the material the 
martensitic structure transformation into austenite (see Figure 2). The initial NiTi wire was in the martensitic 
condition, nevertheless, after the performed annealing the austenitic matrix in the wire structure prevailed, only 
exceptionally with local martensitic needles in the neighbourhood of the Ti2Ni particles. 

An influence of ageing on a change of the Ti2Ni phase particles was not observed. However, along with an 
increasing temperature of ageing an increase in a volume proportion of the martensitic phase in the structure 
occurred (Figure 2). The increasing temperature gradient (along with the increasing temperature of ageing), 
which was then a driving force for the martensitic transformations during the following quenching of the 
specimens, can be considered the main factor enabling an occurrence and development of martensite. 

Comparing the initial condition and the condition after annealing, a rapid drop in HV microhardness (Table 2) 
was caused by the structure transformation from purely martensitic into austenitic, and also, of course, due to 
relaxation of internal stresses that were induced in the initial condition by forming processes during the 
manufacture of the wire. Afterwards a well visible increase in the microhardness values followed, caused 
particularly by an increasing proportion of the martensitic phase in the structure. 

The above mentioned results imply that the alloy composition is a critical parameter for a choice of a particular 
heat treatment. This affects strongly above all the transformation temperature values (As, Af, Ms and Mf) and 
precipitation processes. Generally, it has been known [5] that a high critical stress value needed for slip needs 
to be ensured in order to reach a good superelastic behavior. This can be achieved for instance by application 
of forming processes in a combination with annealing or ageing at medium temperatures, when in particular 
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annealing causes stress relaxation while maintaining an adequate dislocation density and then ageing can 
initiate a precipitation activity in a case of Ni-rich alloys.    

5. CONCLUSION 

The aim of the work was the study of microstructure changes in NiTi alloy occurring after application of thermal 
treatment at different temperatures and their potential influence on the shape memory and mechanical 
properties. Through optical microscopy and SEM/EDX methods it was found out that application of an 
appropriate heat treatment (annealing at 600 °C and following ageing) can affect precipitation processes in the 
used NiTi alloy, thus segregation of secondary phases in a form of very small particles in shapes of tiny disks. 
The morphology and size of these precipitates imply that these ones are Ti3Ni4 particles. The following stage 
of heat treatment was ageing, however, in this case no essential changes in the morphology, size or number 
of precipitates in the matrix was observed. However, an increase in a volume proportion of the martensitic 
phase was observed at conditions of ageing at temperatures above 300 °C and following water-quenching of 
specimens, which is also exhibited by an increase in HV microhardness along with temperature. The drop in 
microhardness comparing the initial condition and the condition after annealing was caused by internal stress 
relaxation, which was a result of forming processes during the manufacture of the initial NiTi wire. 
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Abstract   

High-temperature tests of the alloys Ni3Al and Ni3Al-Mo were performed under compression. The alloys were 
tested in as-cast and directionally solidified state at the temperatures of 800 and 1 000 °C. As-cast samples 
were prepared by method of vacuum induction melting. Solidified samples were prepared from castings by 
Bridgman’s method. Cylindrical samples with diameter of 8 mm and length of 12 mm were subjected to 
compression tests under elevated temperatures. The tests were performed on the equipment Gleeble 3800. 
Obtained values of selected mechanical characteristics of unalloyed and Mo alloyed alloys and also alloys in 
as-cast and directed state were compared. Alloyed alloys in as-cast state show higher values of yield strength 
and maximal achieved stress. The alloys in directed state have better values of ductility corresponding to the 
achieved maximal stress during compression tests. Evolution of stress-strain curves under compression in as-
cast samples has very similar character, when a significant decrease of the stress occurs at the achieved 
deformation of 0.15. In the case of directionally solidified samples this evolution depends on created structure 
and temperature of testing. 

Keywords: Hot compression tests, high temperature characteristics, Ni3Al-Mo based alloys, directional  
          solidification 

1. INTRODUCTION 

Some nickel alloys can be used as materials for high temperature applications. On the industrial scale, nickel 
superalloys are widely used, while Ni3Al-based alloys are used less frequently. These alloys, such as IC50, 
IC221M or IC6SX can be used for less demanding applications. Their advantage consists in their lower density 
and sufficient corrosion resistance. Nickel alloys can also be in the form of a metal matrix composite. An 
example of this type of material is the IC6SX alloy. These materials can be prepared by zonal melting method 
or with the use of the Bridgman’s method. In this way the alloys based on NiAl or Ni3Al alloyed with 
molybdenum are prepared. The structure itself of the composite can be reinforced with molybdenum fibres. 
The structure of the used alloys is still evolving, and it is nowadays common to use alloys in their single crystal 
form for specific applications of this type of alloys, while interest less alloyed alloys also exists. An example of 
such alloy is, for example, a Ni-Al-Mo-based alloy IC6SX, which in the single crystal form has a highly 
perspective composite structure [1-5]. 

2. EXPERIMENTAL 

The alloyed Ni3Al based alloys with various contents of molybdenum were prepared by vacuum induction 
melting in equipment Supercast 13. A part of castings were directionally solidified (DS) by Bridgman’s method 
in tubes with specified apex angle (Figure 1). The samples were solidified under an argon atmosphere 5N. 
The solidification rate was 50 mm/h. Directional solidification carried out with the use of the equipment Clasic 
CZ and Linn FRV-5-40/550/1900.Alloys were tested in as-cast (C) state and directed state (S). 
Characterization of Ni-Al-Mo alloys is in Table 1. 
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Table 1 Characterization of Ni-Al-Mo alloys  

Alloy Sample No. Composition (at.%) Composition (wt.%) Rate of DS (mm/h) 

1 
1C 

Ni-16.7Al-7.3Mo Ni-7Al-14Mo 
- 

1S 50 

2 
2C 

Ni-16.7Al-6.5Mo Ni-7Al-12Mo 
- 

2S 50 

3 
3C 

Ni-16.7Al-5.5Mo Ni-7Al-10Mo 
- 

3S 50 

 

 

 

Figure 1 Sample after directional solidification by Bridgman’s method 

2.1. Mechanical properties in compression  

The cylinders with a height of 12 mm and a diameter of 8 mm were used for testing of mechanical 
characteristics in compression. The plastometer GLEEBLE 3800 was used for isothermal tests by uniaxial 
compression. The test temperature was 800 and 1000 °C with a heating rate of 3 °C/s. The heating to the test 
temperature was followed by a 15-second dwell. The chosen strain rate was 5·10-2 s-1. The tests were 
performed till the height deformation of 0.5. The yield strength Rp was determined from the obtained values of 
the real stress. Moreover, the following indicative values were also determined σmax (maximum peak value of 
the real stress) and ep (true strain corresponding to the σmax). 

Table 2 Compressive mechanical characteristics  

Sample 
Temperature  

(°C) 
C/S 

Rp 

(MPa) 
σmax 

(MPa) 
ep 

(-) 

1C-800 

800 

C 912 1446 0.20 

1S-800 S 661 1021 0.32 

2C-800 C 755 1225 0.18 

3C-800 C 668 934 0.16 

3S-800 S 581 895 0.31 

1C-1000 

1 000 

C 850 999 0.07 

1S-1000 S 616 838 0.16 

2C-1000 C 672 849 0.09 

3C-1000 C 531 655 0.06 

3S-1000 S 521 697 0.09 

Table 2 summarises the values of mechanical characteristics obtained in uniaxial compression tests at 800 
and 1000°C. The samples in the cast state are marked “C”, those in the directed state are marked “S”. The 
values of the yield strength and the maximum reached stress show differences both for the samples with 
different chemical composition and for the samples in different states. The as-cast samples have higher values 
of Rp and σmax. However, they exhibit lower values of the true deformation corresponding to σmax. If we compare 
alloys with different molybdenum contents, than the yield strength and strength also increase with the 
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increasing Mo content in the alloy, as it was assumed. The obtained data were compared with the previously 
published results [6, 7]. The mechanical characteristics and state of the samples are shown in Table 3. The 
sample marked as 6ZM was prepared by the float zone melting method at a rate of 50 mm/h. 

Table 3 Compressive mechanical characteristics - data from earlier sources [6, 7] 

Sample 
Composition 

(at.%) 
Temperature  

(°C) 
C/S 

Rp 

(MPa) 
σmax 

(MPa) 
ep 

(-) 

6ZM-800 Ni-16Al-8Mo 

800 

S 820 1199 0.50 

4C-800 
Ni-24Al 

C 527 937 0.15 

4S-800 S 609 1013 0.23 

5C-800 
Ni-22Al 

C 458 870 0.17 

5S-800 S 440 1132 0.14 

4C-1000 
Ni-24Al 

1 000 

C 375 570 0.08 

4S-1000 S 480 715 0.20 

5C-1000 
Ni-22Al 

C 445 608 0.08 

5S-1000 S 534 660 0.16 

 
Figure 2 Compressive stress-strain curves at 800 °C, as-cast state: a) curves for the alloys Ni-Al-Mo,  

b) comparison with the previous results 

Figure 3 Compressive stress-strain curves at 1000 °C, as-cast state: a) curves for the alloys Ni-Al-Mo,  
b) comparison with the previous results 

a) b) 

a) b) 
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Stress-strain curves are presented in Figures 2 - 5. Individual diagrams compare the samples in the as-cast 
or directed state at 800 or 1000 °C. In addition, the diagram is always completed with the previously obtained 
dependencies. Interestingly, evolution of the strain-stress curve for the alloy in the cast state with the lowest 
molybdenum content at a temperature of 800 °C is very similar to that of unalloyed 4C and 5C alloys 
(Figure 2b). This is similar also in the case of the load curves at 1000 °C (Figure 3b). Figures 4 and 5 show 
the load curves for the alloys in the directed state. Here too, the curves for the unalloyed alloys are of similar 
character as the alloy with the lowest molybdenum content. 

Figures 4b and 5b show comparison of evolution of compression curves are with the previously published 
data. The comparison shows that the sample 6ZM, which was prepared by float zone melting, has the most 
favourable evolution. This sample did not reach the maximum deformation at the deformation of 0.5. However, 
although the alloy with the highest molybdenum content in the directed state 1S also achieves has high values, 
but has a lower yield strength in comparison with the alloy 6ZM. 

Figure 4 Compressive stress-strain curves at 800 °C, directed state: a) curves for the alloys Ni-Al-Mo,  
b) comparison with the previous results 

Figure 5 Compressive stress-strain curves at 1000 °C, directed state: a) curves for the alloys Ni-Al-Mo,  
b) comparison with the previous results 

Figure 6 shows dependences of the yield strength and of the maximum stress on the molybdenum content in 
the alloy in the cast state. Both values show dependence on the molybdenum content for both tested 
temperatures. 

a) b) 
a) b) 
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Figure 6 Dependence of the yield strength and the maximum stress on the Mo content, as-cast state 

 

 

Figure 7 The samples after compression tests - as-cast state 

 

 
Figure 8 The samples after compression tests - directed state 

Figures 7 and 8 show the samples after compression tests performed at a temperature of at 800°C. Figure 7 
shows the samples of the alloy in the as-cast state, Figure 8 shows them in the directed state. It can be seen 
from the shape of the samples that the alloys have a fragile character of a fracture, especially in the case of 
cast alloys. 

2.2. Evaluation of structural characteristics 

Figures 9 - 12 show microstructures of alloys in the as-cast and directed state in cross sections. The structure 
of the alloys is dendritic and it consists of the phases of γ´ Ni3(Al,Mo), γ (Ni) and of particles rich in Mo. The 
structure of the alloys is very fine, and particularly in the case of the cast samples it is difficult to determine the 
exact chemical composition of the individual phases. Generally speaking, the light regions are formed by 
phases γ´ Ni3(Al,Mo), the dark regions are then formed by the phase γ (Ni). The structure contains moreover  

5 mm 

1C 

5 mm 

2C 3C 

1S 2S 3S 
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Figure 9 Sample 1C, as-cast state   Figure 10 Sample 1S, directed state 

lightgray rounded formations that were identified as NiMo or α (Mo) particles. These particles are not visible in 
Figures 9-12 due to the used magnification. 

Figure 11 Sample 3C, as-cast state   Figure 12 Sample 3S, directed state 

3. CONCLUSIONS 

High-temperature tests of the alloys Ni3Al and Ni3Al-Mo were performed under compression. The alloys were 
tested in as-cast and directionally solidified state at the temperatures of 800 and 1000 °C. Structure of alloys 
is dendritic and it is formed by the phases γ´ Ni3(Al,Mo), γ (Ni) and by particles rich in Mo. Alloyed alloys in as-
cast state show higher values of yield strength and maximal achieved stress. The alloys in directed state have 
better values of ductility corresponding to the achieved maximal stress during compression tests. Evolution of 
stress-strain curves under compression in as-cast samples has very similar character, when a significant 
decrease of stress occurs at the achieved deformation of 0.15. In the case of directionally solidified samples 
this evolution depends on created structure and temperature of testing. 
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Abstract 

In the paper there are presented preliminary results of microwelding thin sheet of superalloys Hastelloy X and 
Haynes 230®. The studies determined the basic parameters of microwelding superalloys thin sheet. In this 
paper, welding connections of examined superalloys free from cracking was obtained and its microstructural 
growth characteristic was investigated. Welding of thin metal sheet was made by resistive pulse microwelding 
with use of a SST WS 7000s device. The study focused on the leading investigated parameters such as 
microhardness and the obtained weld microstructure observation. Microhardness measurements of the joints 
were taken using Matsuzawa Vickers MX 100 type with applied load 100 g (0.98 N). The joints were examined 
using metallographic microscope Nikon Eclipse MA200. The survey indicates that although many studies have 
been performed, there is still a considerable need to further examine how to obtain satisfying quality joint, 
using micro welding between the thin sheet from superalloy Hastelloy X and Haynes 230®. 

Keywords: Microwelding, surface engineering, microstructure, microhardness 

1. INTRODUCTION 

Microwelding resistive-pulse technique [1-4] is a thermo-electric process in which heat is generated at the 
interface of the parts to be joined by passing an electrical current through the parts for a precisely controlled 
time and under a controlled pressure also called force. The microwelding is often included in the "non-
traditional" or "non-conventional" group of machining methods together with processes such as 
electrochemical machining (ECM), water jet cutting (AWJ) [5], laser cutting [6, 7], Electrical Discharge 
Machining (EDM) [8-11], hybrid machining [12] or nonconventional welding processes [13-16] and opposite to 
the "conventional" group turning, milling, grinding, drilling etc. Microwelding is used where due to the small 
size of the deposition areas conventional welding techniques are excluded of use. Microwelding resistive-pulse 
technique allows for a significant increase in scope of repairs arising comparing to traditional methods of 
regeneration [17-19]. Nowadays, achieved by modern equipment for microwelding current voltage parameters 
indicate the possibility of producing connections of elements made of Ni-based called superalloys. In the 
available literature, the authors frequently shall take the study of Superalloys thin sheet connections made by 
various microwelding methods [19, 20].  

The paper is focused on microwelding effects as a "non-conventional" machining methods of superalloys, 
having wide application in aerospace and energy industry. The aim of research is to study the effects of spot 
welding on thin sheet superalloys (Hastelloy X and Haynes 230®). 

2. EQUIPMENT AND MATERIAL 

The spot welding were made using the device to microwelding WS 7000 S from SST France & Vision 
Lasertechnik. This machine welding generates pulses with an average frequency of 5000 Hz. The welding 
parameters are summarized in Table 1. 
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Table 1 Microwelder SST WS 7000s - Characteristics [21] 

Parameter  Characteristics  

Supply  ~220V/50Hz  

Type of converter  Medium frequency 5 kHz  

Maximum welding power  10 kW  

No load voltage U20  3.6 V  

Type of control  Current Regulation  

Welding time  1 - 250 ms  

Current accuracy  8 A  

Maximum impulse speed  16  

Maximum welding capacity  1 / 0.3  

Adjustable parameters  - Welding amperage in %  
- Welding time in ms  
- Single impulse / multi impulse welding cycle  
- Form of impulse (powder / wire - sheet)  

The spot welding of thin sheet of superalloys Hastelloy X and Haynes 230® were obtained used following 
parameters:  

 the applied welding amperage in the range of 50-70% of the power device (max. 7000 A);  
 welding time 10 ms;  
 form of impulse: wire-ribbon;  
 duty cycle: multi impulse welding cycle. 

In this work were studied the nickel-chromium-molybdenum alloy Hastelloy X and the nickel-chromium-
tungsten alloy Haynes 230®, produced by Haynes International whose compositions are given, respectively, 
in Table 2 and Table 3. Both alloys were delivered by thin rolled sheet form. Before the welding process thin 
sheets was degreased and oxides were removed with sandpaper. 

Table 2 Composition (in wt.%) of Hastelloy X [22] 

 Ni  Cr  Fe  Mo  Co  W  C  Mn  Si  B 

Min. 47.0 22.0  18.0  9.0  1.5  0.6  0.10  1.0 1.0 0.008 

Table 3 Composition (in wt.%) of Haynes 230® [23] 

 Ni  Cr  W  Mo  Co  Al  La  Mn  C  Si  

Min. 47.0  20.0 13.0  1.0  -  0.20  0.005  0.3  0.05  0.25  

3. WELD MICROSTRUCTURE 

To illustrate structures of the joints we used the metallographic microscope Nikon Eclipse MA200 with the 
image analysis system NIS 4.20. During the preparation process for the thin sheet joint were cut across the 
weld and mounted in resin. After proper polishing and electrolytically etching in oxalic acid (2%), the weld 
structure was subjected to observation. Different zones of different microstructures characterize welded 
samples: base metals (BM), heat affected zones (HAZ), and fusion zone (FZ). HAZ has an average width in 
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the range of several μm, which is typical of the welding techniques used. The samples show a larger FZ width 
in the sheet closer to the pulse source. Instead, HAZ has a small width in both joined sheets. In all welded 
joints examined, the FZ is characterized by small columnar-shaped grains. The upper sheet there was re-
melted through. In the middle fusion zone there are tiny equiaxed grains. 

a)  b)  

Figure 1 Microphotography of weld structure; welding amperage 50% 

a)  b)  
Figure 2 Microphotography of weld structure; welding amperage 60% 

a)  b)  

Figure 3 Microphotography of weld structure; welding amperage 70% 
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4. MICROHARDNESS OF MICROWELDED JOINTS 

Microhardness tests were carried out by using a Vickers indenter, with an applied load of 0.98 N for 15 s. For 
investigation there was used Matsuzawa Vickers microhardness MX 100 type.  

5. RESULTS AND DISCUSSION 

Figure 1 shows an examples of the micrographs etched cut cross-sections of welded joints at 50% amperage. 
Because of the low welding parameters, no melted zone was achieved. Connections are typical for spot 
welding. Figure 2 shows an example of OM micrographs etched cut cross-sections of welded joints at 60% 
amperage. The observed connection is similar to that obtained with lower parameters. However, the zone with 
clearly visible column crystals was noticed. This zone didn’t reach the connection zone. Only the connection 
obtained at 70% amperage for the used device, allowed the connection to be melted, Figure 3. Different zones 
of different microstructures characterize the welded sample: base material (BM), heat affected zone (HAZ), 
and fusion zone (FZ). HAZ has an average width of several μm, typical for used welding techniques [24, 25, 
26]. Generally in the examined samples, a larger FZ width is observed in the sheet closer to the pulses source 
(see upper section in the figures). Instead, HAZ has almost the same width in the top and bottom. FZ is 
characterized by a small column-shaped grain in the test weld. The upper sheet has been melted down. In the 
middle zone of FZ there are tiny uniform grains. Microhardness measurements show that in the place where 
the it should be the smallest due to the longest heat transfer, the maximum value has been achieved. The 
"soft" weld microstructure can be explained by slower cooling rate in the welding material, caused by the 
special geometry of the microweld. Similar phenomena were observed for other welded materials using the 
described method [27, 28, 29]. On the surface of the top sheet at the contact point - connection between the 
upper and lower plate separates the greatest increase of heat due to electrical pulses flow. In fact, during 
welding, the heat remains trapped inside the weld, and then for a longer time it gives a higher temperature, 
with reduced cooling rate on the microwelded material. The hardness values varied depending on the position 
in the coupling area. This is due to the change of the structure of the materials when exposed to an electric 
pulse during welding. The hardness of BZ was 232 - 295 HV FZ was 267-360 HV. The measurement of 
hardness in the HAZ was not possible because of its small width. In all types of structures in FZ, the hardness 
of the microstructure increases as a result of more difficult microstructures caused by melting, followed by 
rapid cooling during welding, and which have been observed in previous metallurgical investigations. In some 
of the analyzed samples, the microhardness seemed to increase toward the center of FZ, and decreasing at 
the edges. There were no fractures in FZ or HAZ - but such cracks are often reported by other researchers 
using other welding techniques such as Laser Beam Welding or TIG welding [30, 31]. 

6. CONCLUSION 

The paper presents the microstructural and mechanical characteristics of microweldet thin sheets of Haynes 
230 and Hastalloy X. Welded samples were tested with a linear welding bead. The characteristics were based 
on metallographic observations, and microhardness measurements. The main findings of this study can be 
summarized as follows: 

 the proper microstructure connection was obtained with sufficiently high power parameters.  
 the microhardenal profiles in all tested joints confirmed an increase in hardness in the weld zone and 

superheated zone.  
 no cracks were found in the area of the weld and heat affected zones. 

This means that the total joint strength is controlled by the strength of the base metal (BM), which is consistent 
with full penetration welding zone characterized by higher microhardness (and therefore higher static strength) 
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comparing to the base metal. The aim of work to research the effects of spot welding on thin sheet superalloys 
(Hastelloy X and Haynes 230®) was achieved. 
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Abstract  

The AlSi17/Mg joints under analysis were produced by diffusion bonding. They contained intermetallic phases, 
which were a result of diffusion occurring at the AlSi17/Mg reactive interface. The microstructure and thickness 
of the bonding zone were dependent on the heating temperature. Two temperatures were analyzed: 420 °C 
and 440 °C. The bonding zone produced at the lower temperature was thinner (50 μm). It was composed of 
an Al3Mg2 intermetallic phase (observed on the AlSi17 side), an Mg17Al12 intermetallic phase (observed on the 
Mg side) and an Mg2Si phase. In this case the Mg2Si was irregularly distributed over the Al-Mg intermetallic 
phase matrix. Fine particles of Mg2Si phase were observed in the region adjacent to the AlSi17 and large areas 
of this phase were visible locally near large Si particles. When the temperature of the diffusion bonding process 
was higher, a much thicker bonding zone (about 400 μm) formed. The structural constituents detected there 
were: Al3Mg2 (on the AlSi17 side), Mg17Al12 and a solid solution of Al and Si in Mg (on the AZ91 side) and an 
Mg2Si phase. The distribution of the Mg2Si phase in the bonding zone was more regular; fine particles of this 
phase were visible all over the bonding zone. 

Keywords: Magnesium, aluminum alloy, diffusion bonding, intermetallic phases, microstructure 

1. INTRODUCTION  

Bimetals and composites are materials with unique properties not found in any single material [1]. The 
increasing demand for lightweight and corrosion-resistant metal structures, particularly in the transport 
industry, has triggered intensive research to develop effective methods for combining magnesium alloys with 
aluminum alloys. Various methods can be used to join these light alloys, e.g. MIG and TIG welding [2,3], friction 
stir welding [4], hot rolling [5], hot extrusion [6], explosive cladding [7], twin-roll casting [8], compound casting 
[9-14], and diffusion bonding [15-19]. Diffusion bonding is a promising low-temperature technique for joining 
dissimilar light metals or alloys. The literature data indicate that this method can be applied to join pure Mg 
with pure Al [15-17], AZ91D magnesium alloy with pure Al [18] or AZ31B magnesium alloy with AA2024 
aluminum alloy [19]. The microstructural analysis of Mg/Al joints shows that the Mg17Al12 and Al3Mg2 
intermetallic phases are present in the bonding zone. 

This study involved joining an AlSi17 aluminum alloy with pure Mg using the diffusion bonding method. The 
main aim was to investigate what effect the annealing temperature had on the microstructure and phase 
constitution of the bonding zone. 

2. EXPERIMENTAL PROCEDURE 

The materials under study were AlSi17 aluminum alloy and pure Mg. The AlSi17 alloy contained 17.18 wt.% 
Si, 1.22 wt.% Mg, 0.82 wt.% Ni, 0.72 wt.% Cu, 0.25 wt.% Fe and 0.02 wt.% Zn with a balance of Al. The 
magnesium specimens sectioned from Mg ingots were thicker (60x20x15 mm) than the AlSi17 specimens 
(60x20x5 mm). After polishing, the AlSi17 and Mg components were placed in a vacuum furnace, where they 
were heated from room temperature to a predetermined temperature for 20 min, kept at that temperature for 
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another 20 min, and cooled back to room temperature. The annealing process was performed under a pressure 
of 5 MPa. Two temperatures were applied to produce the joints: 420 and 440 °C. The AlSi17/Mg bimetallic 
samples were then cut to reveal their cross-sections. The microstructure of the bonding zone was examined 
using optical microscopy (Nikon ECLIPSE MA 200) and scanning electron microscopy (JEOL JSM 5400). The 
scanning electron microscope (SEM) was equipped with an energy dispersive spectrometer (EDS). The 
chemical composition of the bonding zone was determined through quantitative EDS analysis taking into 
account the equilibrium phase diagrams for Al-Mg [20] and Al-Mg-Si [21]. 

3. RESULTS AND DISCUSSION 

Figure 1 shows the microstructures of the AlSi17/Mg joints fabricated by diffusion bonding at two annealing 
temperatures. The bonding zone that formed at 420 °C had a thickness of about 50 μm (Figure 1(a)). Applying 
a higher temperature, i.e. 440 °C led to the formation of a much thicker (about 400 μm) bonding zone 
(Figure 1(b)). 

Figure 1 Microstructures of the AlSi17/Mg diffusion joints observed with the optical microscope after 
annealing at: (a) 420 °C, (b) 440 °C 

The microstructure of the bonding zone was analyzed by SEM. Figure 2(a) shows an SEM image of the 
bonding zone formed at the lower temperature (420 °C) and the EDS concentration profiles for the elements 
found along the scan line. The high concentration of Si in the light area of the AlSi17 alloy adjacent to the 
bonding zone indicates the presence of a primary Si crystal. The dark area of the bonding zone close to the Si 
crystal is rich in Mg and Si. The light area of the bonding zone near the Mg is rich in Al. Figure 2(b) presents 
a high magnification SEM image of the bonding zone with points selected for the quantitative EDS analysis. 
Table 1 provides EDS results obtained at the points marked in Figure 2 (b). The quantitative analysis of the 
AlSi17 alloy near the bonding zone in areas 1 and 2 reveals that the primary silicon crystal (marked 1) and the 
solid solution of Si in Al (marked 2) are the constituents of the AlSi17 silumin. The chemical composition of the 
dark area of the bonding zone observed below the Si crystal (analysis at point 3) is similar to that of Mg2Si. 
The heating process caused a solid-state diffusion reaction between the Mg and Si crystals at the AlSi17/Mg 
interface, which, in turn, led to the formation of the Mg2Si phase. The decomposition of the Si grains and the 
formation of the Mg2Si phase were due to a high affinity of Si for Mg. A similar observation was made for 
AlSi20/Mg joints produced by diffusion bonding, as described in [22]. The EDS point analysis conducted in the 
light area of the bonding zone (analysis at points 4 and 5) showed that the bonding zone was composed of Al-
Mg intermetallic phases: Al3Mg2 and Mg17Al12.The Al3Mg2 phase was detected in the area closed to the AlSi17 
alloy (analysis at point 4). The chemical composition of the light area adjacent to Mg (analysis at point 5) 
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reveals the occurrence of an Mg17Al12 phase. Between the bonding zone and Mg there is a thin zone (about 
10 μm) of a solid solution of Al and Si in Mg (analysis at point 6). 

 

 

Figure 2 SEM images of the bonding zone 
fabricated at 420 °C with (a) concentration profiles 

for elements found along the marked line, (b) 
microstructure observed at a higher magnification 

with points selected for the EDS analysis 

Table 1 Results of the quantitative EDS analysis corresponding to the points marked in Figure 2(b) 

Point Mg (at.%) Al (at.%) Si (at.%) 

1 - 0.1 99.9 

2 - 96.53 3.47 

3 65.74 - 34.26 

4 41.08 58.92 - 

5 64.19 35.30 0.51 

6 94.94 4.67 0.38 

The SEM micrographs in Figures 3(a) and (b) show the microstructure of the bonding zone adjacent to AlSi17 
and Mg, respectively, for the joints produced at the higher temperature (440 °C). The results of the EDS 
analysis conducted for the areas marked in Figures 3(a) and (b) are given in Tables 2 and 3, respectively. 
The quantitative analysis performed in areas 1 and 2 marked in Figure 3(a) near the bonding zone also 
confirmed that the primary silicon crystals (analysis at point 1) and the solid solution of Si in Al (analysis at 
point 2) were constituents of the AlSi17 alloy. The chemical composition of the dark area of the bonding zone 
adjacent to the Si crystal (analysis at point 3) indicates an Mg2Si phase. The composition of the fine dark 
particles (analysis at point 4) uniformly distributed over the bonding zone was also similar to that of Mg2Si. The 
EDS point analysis conducted in the light matrix of the bonding zone (analysis at points 5 and 6) confirmed the 
presence of Al-Mg intermetallic phases: Al3Mg2 in the region close to AlSi17 (analysis at point 5) and Mg17Al12 
in the region close to Mg (analysis at point 6). Figure 3(b) shows the microstructure of the bonding zone 
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observed on the Mg side. The phases detected in this zone were: an Mg17Al12 intermetallic phase (light area 
marked 1), a solid solution of Al and Si in Mg (dark area marked 2) and an Mg2Si phase (dark particle marked 
3). As can be seen, there are small white particles (marked 4) distributed irregularly over the whole bonding 
zone. The white particles contained 55.15 at.% Al, 24.37 at. % Ni, 17.32 at.% Mg, 2.5 at.% Si and 0.66 at.% 
Cu, which indicates a multicomponent phase. Ni and Cu are constituents of the AlSi17 alloy; hence the 
presence of the multicomponent phase was in the diffusion joint. Fine particles of the multicomponent phase 
were also observed in the joint fabricated at 420 °C (see Figure 2(b)). Between the bonding zone and the Mg, 
there was an area of a solid solution of Al and Si in Mg (analysis at point 5). 

  

Figure 3 SEM images of the bonding zone fabricated at 440 °C: (a) microstructure on the AlSi17 side with 
a point selected for the EDS analysis, (b) microstructure on the Mg side with a marked point of the EDS 

analysis 

Table 2 Results of the quantitative EDS analysis for the points marked in Figure 3(a) 

Point Mg (at.%) Al (at.%) Si (at.%) 

1 - 0.23 99.77 

2 - 98.58 1.42 

3 66.57 - 33.43 

4 67.12 0.75 32.13 

5 39.50 60.50 - 

6 56.21 43.79 - 

Table 3 Results of the quantitative EDS analysis for the points marked in Figure 3(b) 

Point Mg (at.%) Al (at.%) Si (at.%) 

1 62.50 37.04 0.46 

2 80.62 19.14 0.24 

3 66.89 5.38 27.73 

5 91.98 7.75 0.27 

4. CONCLUSIONS 

In this study, AlSi17 alloy and Mg were joined by diffusion bonding. The thickness and microstructure of the 
bonding zone were dependent on the process temperature. The bonding zone produced at 420 °C had a 
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thickness of about 50 μm. It was composed of an Al3Mg2 intermetallic phase (on the AlSi17 side), an Mg17Al12 
intermetallic phase (on the Mg side) and an irregularly distributed Mg2Si phase. Applying a higher temperature 
of the diffusion bonding process (440 °C) led to the formation of a much thicker bonding zone (about 400 μm) 
containing Al3Mg2, Mg17Al12, Mg2Si phases and a solid solution of Al and Si in Mg. In this case, the fine Mg2Si 
phase particles were distributed regularly over the whole bonding zone. 
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Abstract  

A comparative analysis of sound emitted by two identical bells cast of bell bronze at different pouring 
temperatures was carried out. The influence of pouring temperature on the change of sound, the structure, 
and the porosity of castings was assessed. The obtained results were compared with the simulation results 
concerning vibration of numerical models received from the SolidWorks program. It was proved that higher 
pouring temperature results in the reduced porosity of a bell casting with simultaneous improvement in the 
quality of sound thanks to the revealing of the basic constituents of sound demanded for bells (hum, prime, 
tierce, nominal). 

Keywords: Bell, tin bronze, porosity, sound 

1. INTRODUCTION  

People attempted to produce large and small bells using a variety of materials: cast iron, cast steel, zinc and 
aluminium alloys, glass, china, or pottery. But the alloy consisting of about 80 wt.% of copper and 20 wt.% of 
tin is still regarded as the basic material for production of bells, the so-called ‘bell bronze’ (UNS C91300). 
Despite many trials of replacing the costly tin with other elements, no alloy of so good acoustic properties was 
achieved [1]. 

The alloy composition, however important, is not the only factor determining alloy properties. A problem of 
meeting the demands with respect to the material properties gets even more complicated as the additional 
variables, thus far neglected or impossible to control, are taken into account. The requirements which are to 
be fulfilled by the bell alloy are as follows: good casting properties, high quality of a casting made of high-
quality alloy, long lifespan, and nice sound. 

The relationship between the above mentioned features and the crystallization conditions or the way of ringing 
is not obvious in any case. There were incidents that some large-scale projects failed to combine these 
properties. It is known to have happened that bells cracked after a short time of using them, e.g. the 
Aleksejevskij bell, which worked for one year only; and the largest bell in the world, the Tsar Bell, also known 
as Tsarsky Kolokol, of mass equal to 250 x103 kg, has never stricken a note. Since 2000 the largest (the 
heaviest) ringing bell in the world is the Bell of Good Luck at the Foquan Temple in Pingdingshan city, China, 
which mass is 116·103 kg [2].  

The shape of bells changed over the centuries [3-5] nevertheless their construction was designed in such 
a way that the suitable strength and proper sound should be achieved. Properly selected parameters: wall 
thickness, bell diameter, and the applied alloy, are decisive with regard to the sound tone and timbre [6-8]. The 
proper mechanical strength is easy to achieve by increasing the bell wall thickness, but the relationship 
between the shape of bell and its sound is hard to grasp, especially for the reason that the bell sound consists 
of a series of merged tones and overtones which give the so-called strike tone [9, 10]. 

The traditional way of bell production by the method of template moulding forces the specified position of 
a mould during metal pouring, however the position should be considered as improper because it prevents 
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taking advantage of directional solidification [11]. The arising internal defects of bell’s wall in the form of cavities 
of shrinkage porosity can disturb the vibration of bell casting by introduction of additional nodal points. 
Therefore the authors decided to prove the influence of the pouring temperature on the material and acoustic 
properties of bells of uniform size and shape. 

2. METHODS OF EXAMINATION AND THE RESULTS 
Bell castings of mass equal to 6 kg were produced in bentonite-bonded sand moulds. The material was C91300 
bronze alloy poured either from 1090 °C or from 1140 °C. The influence of the change in pouring temperature 
on the porosity of bell castings, their structure, and the microhardness of the material was investigated. The 
porosity of castings was assessed by means of the industrial Nikon XT H 450 CT scanner, their microhardness 
was measured with Vickers microhardness tester at the load of 50 g both for the α-phase and for the (α+δ) 
eutectoid mixture. Structural examinations were carried out by means of optical microscope Nikon Eclipse MA-
200 for samples cut out of the sound-bows of the cast bells. 

The performed porosity examinations revealed that the bell volume is filled with the alloy to the extent of about 
84 % in the case of higher pouring temperature, while the alloy percentage in the volume of bell cast from 
lower temperature was about 68 % (Figure 1). In turn, the percentage of material discontinuities in the form of 
gas bubbles or shrinkage porosity calculated with use of Nis-Elements D program was equal to 5 % and 18 %, 
respectively (Figure 2). 

a) 

 

b) 

 
Figure 1 CT images from porosity examination at various pouring temperatures: a) 1140 °C;   

b) 1090 °C   

a) 

 

b) 

 
Figure 2 Porosity of samples taken out of the sound-bow of bell castings at various pouring 

temperature: a) 1140 °C; b) 1090 °C 
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A difference was recorded both between the microhardness of α-phase and (α+δ) eutectoid mixture in the 
same casting, and between the microhardness values of the same phase found in castings poured at different 
temperatures. The values were as follows: about 164 HV0.05 (standard deviation 11 HV0.05) for α-phase and 
about 296 HV0.05 (standard deviation 15 HV0.05) for (α+δ) eutectoid in the casting poured from the higher 
temperature; about 133 HV0.05 (standard deviation 12 HV0.05) for α-phase and about 245 HV0.05 (standard 
deviation 14.6 HV0.05) for (α+δ) eutectoid in the casting poured from the lower temperature. 

Also the quality of sound of the obtained castings was evaluated by analysis of the recorded audio files and 
identification of the basic sound components (frequencies) characteristic for church bells (hum, fundamental, 
tierce, quint and nominal) by means of Wavanal program developed by Bill Hibbert [12]. The tuning of A note 
was assumed to be 440 Hz, and the measuring range was set from 0 to 10 kHz. The same frequency range 
was assumed during simulations, for which the geometrical model of bell body (Figure 3) was created by 
rotation of the rib (template) designed on the basis of 3D scanning of the produced bell castings. The size of 
a finite element at the stage of grid generation was assumed to be 6 mm side length with 0.3 mm dimensional 
tolerance, what resulted in dividing the geometrical model into 24252 elements. The imposed constraints 
permitted no degree of freedom at the upper surface of the bell model. 

a)  b)  

Figure 3 Bell model a) the body of a geometrical model;  
b) the model with imposed finite elements grid and boundary conditions 

Vibration frequencies within the range 0 to 10 kHz were determined during the frequency analysis. Taking into 
account the symmetric vibration modal shapes, according to Perrin et al. [13] the frequencies corresponding 
to the subsequent harmonic partials of the bell sound were identified. Their corresponding modal shapes are 
presented in Figure 4, and the dominant perceived note in the bell ring (the fundamental) is ‘dis’. 

The results of sound analysis with use of Wavanal program presented in Figures 5 and 6 and Tables 1 and 2 
clearly identify the partial tones of the harmonic series characteristic for the examined bell castings. The bell 
poured at the higher temperature of the alloy rings in the a3 key, while the one poured from the lower 
temperature rings in a4 key, i.e. an octave above. 
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a)  b)  

c)  d)  

e)  f)  

Figure 4 Modal shapes for various vibration frequencies:  
a) shape of a bell casting; b) 870 Hz - hum - a2 note;  c) 2145 Hz - fundamental (prime) - dis4;  

d) 3215 Hz - tierce - fis4; e) 4815 Hz - quint - dis6; f) 5024 Hz - nominal - fis6 

 
Figure 5 Vibration frequency spectrum for the bell poured at the temperature of 1140 °C  
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Table 1 Partial tones of the sound of the bell poured at the temperature of 1140 °C 

Frequency (Hz) Interval (cents*) Partial name Note 

865 -2417 hum A(2) -29  
1797 -1151 prime A(3) +36 
2113 -871 tierce C(4) +16 
3494 0 nominal A(4) -12 

    
*cent - a unit for measuring music intervals; 100 cents make one semitone 

 
Figure 6 Vibration frequency spectrum for the bell poured at the temperature of 1090 °C 

Table 2 Partial tones of the sound of the bell poured at the temperature of 1090 °C 

Frequency (Hz) Interval (cents) Partial name Note 

1797 -2582  A(3) +36 

2113 -2302 hum C(4) +16 

3457 -1450 prime A(4) -31 

3494 -1432  A(4) -12 

4691 -922  D(5) -2 

4764 -895 tierce D(5) +23 

5204 -742  A(5) +24 

7140 -195  A(5) +24 

7989 0 nominal B(5) +19 

9343 271  D(6) -10 

The achieved results of investigations on the influence of casting parameters on the quality of bells indicate 
that as far as the reduction of porosity in small-size bells is concerned, better results were obtained for the 
higher pouring temperature. The local zones of cavitation revealed by CT scanning are in accordance with the 
results of the previously done simulation, presented elsewhere [11]. They occur mainly within the sound bow 
of the bell. The modal shapes for all music partial tones generated during bell vibration are of symmetric 
character (according to Perrin [13]), that is the axially symmetric form of church bells influences their form of 
vibration. The occurrence of clustered cavitation and porosity regions changes the structural character of a bell 
to the axially asymmetric one, and the form of vibrations becomes distorted with forced repetitions. The porosity 
of bells influences on the sound quality by introduction of additional nodal points, this resulting in asymmetric 
form of vibrations. From the acoustics point of view, localization of defects in the sound-bow is particularly 
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unfavourable, because the sound-bow is responsible for the tone identified as nominal by the Wavanal 
program, while the main tone of the bell is the so-called fundamental (prime). 

The presence of defects can change to a greater or lesser degree the tuning of a bell, depending on their 
character and position in the casting. It refers particularly to shrinkage cavities or agglomerated cavitation. In 
the examined case, the ‘dis4’ tuning obtained from simulation program at the assumption of fully filled casting 
was replaced in nature by ‘a3’ or ‘a4’ tuning recorded in the porous castings. 

3. CONCLUSION 

Higher pouring temperature allowed to obtain bell castings exhibiting less porosity than castings poured at 
lower temperature. Both the geometry of bell rib and the traditional position of the mould cavity foster the 
occurrence of the shrinkage porosity. The presence of porosity can change forms of bell vibration thus 
influencing bell tuning. 

Tin bronzes are very sensitive to changes in the solidification conditions, therefore differences in the results of 
microhardness tests were observed after a change in the pouring temperature. The material hardness 
influences also the rigidity of a bronze casting, what further affects the acoustics of a bell. It would be 
reasonable to assume that this effect is stronger for small bells due to their little mass. 
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Abstract 

Exploration of biocompatible materials with improved mechanical properties imposes a change in the chemical 
composition of the (α+β) titanium alloys used in the modern implantology. The increased quantity of some toxic 
alloying elements could eventually cause undesirable biological effects in the human body. The high Al content 
could lead to reducing implant in vivo survival. Simultaneously, the low Al concentration will decrease the 
mechanical strength of the alloy but the alloy is expected to have lower cytotoxicity and improved plasticity. 
The present study aims at determining the maximum vacuum heat treatment response at various cycles of 
solution treatment, water quenching and precipitation of Ti5Al4V alloy. For this purpose, the critical limits for 
the heat treatment technological parameters were defined according to the XRD analysis and Vickers hardness 
test results and they were taken into account for determining the optimum heat treatment process.  

Keywords: (α+β) titanium alloys, vacuum heat treatment, XRD, hardness  

1. INTRODUCTION 

The major drawbacks of the titanium alloys used as orthopedical materials are that they are relatively soft and 
have poor wear resistance [1]. It is possible to increase the mechanical strength by controlling the composition, 
grain size, and microstructure of the alloy. A way to influence the microstructure and phase composition of 
(α+β) titanium alloys is to apply different heat treatment cycles for achieving different properties for a certain 
application. The β-transus temperature of a particular alloy depends on the content of the alloying elements 
and their distribution between both α and β phases of the Ti alloy. The decrease in the content of the α-
strengthening element Al as opposed to conventional Ti6Al4V alloy will reduce the hardness as Al is a solid 
solution hardener but simultaneously, the alloy is expected to have lower cytotoxicity and improved plasticity 
as well as low α-phase precipitation hardening ability at low-temperature precipitation. The isomorphous β 
stabilizers like V, Nb, and Mo depress the transformation temperature and increase the corrosion potential 
because β-phase is known to be nobler than α [2]. Mo and Nb are used to increase the strength and to reduce 
the elastic modulus of the alloy [3]. V is not found to participate in the formation of the surface oxide film which 
even destroyed in the organism is afterward regenerated [4].  

In contrast to the well-examined Ti6Al4V, the variation in the composition of the modified Ti5Al4V alloy will 
change the temperature of the solution treatment and that of the decomposition of the quenched structures. 
These changes are necessary to be examined in order to increase the strength of the implant material. The 
current work is aimed at determining the optimum heat treatment cycle for Ti5Al4V alloy by examining the 
mechanical properties, microstructure, and phase transformation. 

2. MATERIALS AND EXPERIMENTAL PROCEDURES 

Samples with dimensions 14×14×4 mm were cut out of 16 mm thick sheet material using the electro-erosion 
cutting method. The chemical composition of the alloy given in Table 1 was measured by JEOL JXCA-733 
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Microprobe scanning electron microscope (SEM) coupled to a WDX detector. The focused electron beam with 
50 μm diameter was operated at 19.9 kV for the acquisition of the chemical composition. 

Table 1 Chemical composition of the Ti5Al4V alloy (wt.%) 

Chemical element Al V Fe Mn Co Cr Mo Pd Nb Hf Ti 

Ti5Al4V 5.2 4.4 0.14 0.11 0.065 0.002 0.17 0.15 0.36 0.036 Bal. 

The as-received alloy samples were single solution treated (ST) for 30 min at 890, 920 and 950 °C and water 
quenched (WQ) (Figure 1a). The specimens with the highest hardness received by the quenching were 
precipitated (P) for 4 hours at three different temperatures - 500, 520 and 540 °C and air cooled (Figure 1b). 
All treatments were carried out in vacuum ≤ 1 Pa. The surfaces of the samples were grounded and polished 
to be examined. 

a) 

b) 
Figure 1 Cyclograms of the applied heat treatment processes: a) solution treatment; b) precipitation 

A Vickers Hardness tester 432 SVD by Wilson-Wilpert was used for the hardness measurements of the alloy 
according to the standard ISO 6507-1. In order to compare the hardness changes, the research was made on 
the top (rolling direction) of each sample with a load of 10 kg and dwell time of 10 s. Ten sequential 
measurements by increments of 500 μm between the imprints were made. The light optical micrographs of the 
Kroll’s reagent etched samples were obtained using a Nikon microscope with the adapted 14-megapixel digital 
camera. To ensure the comparability of the survey results for all samples, one and the same magnification 
was utilized. The X-ray phase identification was performed with URD-6 diffractometer, applying Bragg-
Brentano geometry and Cu-Kα radiation at 30 kV and 20 mA. The scanned diffraction angle range was 2θ = 
30-100° with a step size of 0.05° and counting time of 2.5 s/step. The lattice response was measured in the 
rolling direction after a horizontal and vertical scan of each sample because of the initial texture of the alloy. 
The qualitative and quantitative phase analysis was held using Match!3 software. 
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3. RESULTS AND DISCUSSIONS 

The maximum heat treatment response was evaluated by the changes in hardness values and microstructure. 
The strengthening results after solution treatment at three different temperatures are shown in Figure 2.  

 
Figure 2 Comparison of the hardness values of the Ti5Al4V samples after ST at three different temperatures 

and WQ, as well as after P at three different temperatures. All measurements were made at the rolling 
direction (RD) of the material. 

Figure 3 Micrographs of the Ti5Al4V alloy in as-received condition and (a) after ST for 30 min at 890 °C (b); 
920 °C (c) 950 °C (d) WQ. Micrographs were made at the RD. 

The decreased amount of Al and increased content of β-stabilizers were responsible for the lower hardness 
values measured within the alloy and consequently for the decrease in the elastic modulus. The welcome 
lower elastic modulus for biomaterials is known to be obtained after WQ of Ti alloys [5]. As seen in Figure 2, 
the 920 °C ST and WQ samples showed the highest hardness values and therefore, they were used for further 
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precipitation treatments. With the increase of the precipitation temperature from 500 up to 540 °C the hardness 
measured after the process decreased.  

The heat treatment and the initial processing determine the microstructure and phase composition of the alloy. 
The initial coarse lamellar microstructure of the sheet material with distorted Widmanstatten α-plates in the 
prior β-grains is shown in Figure 3a. The lamellas inside the colonies were orientated in a parallel way and 
their texture followed the direction of the prior processing. According to M. Benedetti et al. [6], the lamellas 
have pronounced microstructure-sensitivity and show less fatigue resistance than the bi-modal structure. The 
small changes observed after solution treatment at 890 °C (Figure 3b) point out that the treatment was carried 
out in the low α-β range where α’-martensite was not formed. The transformed microstructure with the highest 
hardness shown in Figure 3c consisted of gross acicular narrow α’-martensite laths and low volume fraction 
of globular primary α phases. The areas containing α-grains probably included more α-stabilizing elements 
like Al. The obtained bimodal microstructure is more beneficial to fatigue strength because the ductile α-grains 
give higher resistance to nucleation of voids. The all β-range solution treated sample from 950 °C (Figure 3d) 
possessed enlarged grains with considerably coarser individual long α’-platelets. This structure was generally 
objectionable because of loss of ductility [7]. It is clear that the β-transus in the examined alloy is around 40-
50 °C lower than that of the Ti5Al4V which is equal to 995 °C.  

 

Figure 4 Micrographs of the Ti5Al4V alloy after ST for 30 min at 920 °C and P for 4 hours at  
a) 500 °C and b) 520 °C 

An additional increment of strength was obtained by the alloy element partitioning effect when α’-martensite 
decomposes to the ordered Ti3Al phase. This effect will be more pronounced for alloys with higher Al content 
which explains the slight hardness increase of Ti5Al4V alloy after precipitation. The micrographs of the 
precipitated samples at 500 °C and 520 °C are shown in Figure 4a and 4b. Because of the submicron size of 
the precipitates, the latter was not clearly seen by optical microscopy. It is obvious that the coarse-grained 
structure was retained after the heat treatment process.  

The XRD patterns of the as-received alloy (Figure 5) revealed the presence of α phase with a hexagonal 
crystal lattice and high volume fracture of retained β-phases (30%). After the ST and WQ, only α-phases were 
present because of the diffusionless β → α’ process. The primary α phase and α’-martensite had one and the 
same inter-planar spacing of the HCP crystal structure and, therefore, it was difficult to distinguish both phases 
and measure their relative percentage.  

After ST and WQ the peaks shifted towards low theta values in all diffracted crystallographic planes after 
vertical scanning. The strongest shift was observed in (110) and (013) planes - between 0.2 - 0.22°, and the 
smallest one was seen in (101) plane - 0.11°. These changes could be attributed to the pre-saturation and 
therefore, expansion of the martensite unit cell because of the presence of dissolved in the transformed β-
phase alloying elements. The increased inter-planar spacing was accompanied by hardness increase in the 
same direction. Compared to ST sample, the α-reflections of the ST+P sample shifted towards higher 

a) b) 

100 μm 100 μm 

25 μm 25 μm 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1903 

diffraction angles and the (013) and (110) planes were highly affected. The smallest was the shift for the (100) 
and (002) reflections. This phenomenon suggests a contraction of α unit cell caused by the alloy element 
partitioning effect. At horizontal scan (parallel to the rolling direction), the reflections’ shift was also towards 
the low diffraction values but the shift values were higher, especially in the (012) и (013). The smallest change 
was observed in the lower theta peaks - (100) and (002). After precipitation, the changes in structure led to a 
higher theta shift of the reflections compared to the ST sample. The highest change was measured in (012) 
and (013) planes and the smallest was again in (100) and (002) planes. 

The peak broadening is mainly known to arise from the decreased size of the crystallites and microstrains in 
them. Because of the slight changes in the coarse prior β-grains that pre-determine the size of the martensite 
laths, the presence of wider peaks implies а larger share of microstrains in the broadening due to the fast 
cooling rate. In the case of the vertical scan, the full width at half maximum (FWHM) increased mainly for (002) 
and (012) planes after ST, while for the horizontal scan the (101) и (013) peaks were substantially broadened. 
For the ST+P sample, the precipitation decreased almost all FWHM values of the peaks as opposed to the ST 
specimen because of the alloy element partitioning effect. 

 

Figure 5 XRD patterns of the as-received, ST for 30 min at 920 °C and P for 4 hours at 500 °C samples 
scanned in horizontal and vertical direction of the RD 

A variation in the texture distribution of the α-reflections with more pronounced increase in the (100), (002) and 
(101) peaks was also observed. After ST very strong increase in the intensity of (101) and (002) by 260 and 
197%, respectively, followed by the (100) increment with 50% was seen in the horizontal direction of scanning. 
The result suggests the priority alignment of the transformed α’-phase in these particular planes. After 
precipitation, the highest was the increase in the (002) plane by almost 37% compared to the ST specimen 
followed by (100) and (101) plane where the increase was about 35 and 23%, respectively. 

In the case of the horizontal scan, the introduced changes after ST were lower as the intensities of the (101), 
(002) and (100) increased by almost 111, 106 and 9 %, respectively. The texture of the precipitated sample 
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was slightly changed towards the ST sample particularly affecting the intensities of (100) and (101) that rose 
up with 44 and 31%, respectively, and (002) planes were almost not amended.  

4. CONCLUSION 

The modified composition of the Ti5Al4V alloy resulted in a change in the physical properties and strength of 
the alloy. The coarse lamellar structure and initial crystallographic texture contribute to a further reduction of 
the mechanical properties of the alloy. As the most important substitutional solid-solution straightener, the Al 
and its low content reflected the measured lower hardness values of the as-received and heat treated material 
as opposed to the conventional Ti6Al4V alloy. The β-transus temperature decreased by 40-50 °C compared 
to the Ti6Al4V alloy. It was established that grain refinement of the initial structure could not be obtained by 
the applied vacuum heat treatment. The maximum age hardening of the alloy was found to be achieved at 500 
°C. After the solution treatment at 920 °C and water quenching the martensite was grown predominantly in the 
pyramidal (101) and basal (002) planes and less in the prismatic (100) ones. In contrast, the ordered structures 
separated during precipitation were basically formed in the prismatic (100) planes and basal (002) ones. The 
aging process gave a combination of higher strength and toughness with its tense microstructure that could 
improve the performance of the implant in vivo.  
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Abstract 

Biocompatible β-titanium alloy Ti-35.3Nb-7.3Zr-5.7Ta-0.7O (wt.%) shows high strength and reduced elastic 
modulus when compared to commercial alloys for total joint endoprostheses (e.g. Ti-6Al-4V). However, in the 
as-cast condition, porosity, dendritic chemical inhomogeneities and coarse grain structure negatively influence 
mechanical properties and therefore sequential thermo-mechanical treatment is necessary. Studied material 
(as-cast rod) was processed by hot rolling at 1200°C and three conditions with different diameter reduction 
were prepared. Scanning electron microscopy (SEM) along with electron back-scatter diffraction (EBSD) was 
employed to characterize resulting microstructure. Tensile tests and microhardness measurements were used 
to evaluate room temperature mechanical properties. SEM showed that porosity is removed by hot rolling and 
EBSD revealed deformed grain structure that is partially recrystallized in the center of each rod. There is a 
clear difference between the grain sizes of the three states in the center of rods. Yield strength exceeding 1050 
MPa, ultimate tensile strength of values over 1200 MPa and plastic elongation > 20% in all three studied 
conditions indicate that hot-rolled Ti-35.3Nb-7.3Zr-5.7Ta-0.7O alloy can be used for implant manufacturing. 

Keywords: Beta titanium, EBSD, deformation, recrystallization 

1. INTRODUCTION 

Titanium alloys find their use in various fields. An extraordinary combination of properties, such as excellent 
corrosion resistance, desirable biocompatibility and suitable mechanical properties, predetermine use of these 
alloys in orthopaedics [1, 2]. The most commonly used Ti alloy in orthopaedics is the α+β alloy Ti-6Al-4V, 
developed originally for aerospace industry. Its yield strength ranges from 850 MPa to 1050 MPa, depending 
on the processing route and α/β phase morphology. The drawback of Ti-6Al-4V alloy in medicine is however 
its content of toxic vanadium. By replacing of vanadium with suitable amount of niobium, this problem can be 
resolved and therefore Ti-6Al-7Nb alloy emerged [3]. Another issue is content of aluminium, whose possible 
neurodegenerative impact has not been settled yet. It is therefore suggested to employ only proven 
biocompatible elements [4]. Finally, all α+β alloys are characterized by Young’s modulus of around 115 GPa 
that, although half than those of steels (200 GPa), is still 4 - 5 times higher than Young’s modulus of cortical 
bone (20 GPa - 30 GPa). This incompatibility induces the so-called stress shielding effect (the implant material 
absorbs most of the load normally applied to bone) and consequent ostheoporosis lowers the durability of an 
implant. 

Current research focuses on development of β-Ti alloys with sufficient content of β-stabilizing elements to 
retain pure β phase after quenching from β region [5]. Pure β phase composition can lead to lower Young’s 
moduli when compared to α+β alloys. Biocompatible alloy Ti-35.3Nb-7.3Zr-5.7Ta (wt.%) was designed using 
only biocompatible elements resulting in low Young’s modulus. However, its yield strength (around 550 MPa) 
is not sufficient for the manufacturing of implants of big joints [6 - 8]. Adding small content of interstitial oxygen 
can considerably improve strength of alloy of this type [9 - 11]. Alloy Ti-35.3Nb-7.3Zr-5.7Ta-0.7O (wt.%) shows 
Young’s modulus of 80 GPa and significantly improved strength [11, 12]. The as-cast alloy, however, contains 
micro-sized pores, very coarse grain structure and dendritic chemical inhomogeneities which results in 
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decreased strength [13] and presumably reduced fatigue performance. Subsequent thermomechanical 
treatment is therefore needed.  

The effect of hot-rolling is investigated in the present study to simulate industrial processing of the 
Ti-35.3Nb-7.3Zr-5.7Ta-0.7O (wt.%) alloy. 

2. EXPERIMENTAL 

Initial rod of studied alloy (55 mm in diameter) was produced by Retech, Co., USA, by plasma arc melting of 
pure elements (and TiO2 for the oxygen addition) into small compacts followed by sequential pour melting 
procedure in clean He atmosphere. Hot rolling of as-cast rod was performed at VŠB TU Ostrava, Czech 
Republic, and final rods of diameters 33 mm, 25 mm and 20 mm were produced by the following procedure. 
Two parts of initial rod were heated up to 1200 °C in air for more than 1 h and rolled to diameter of 33 mm by 
several rolling passes without reheating. The rod was rotated by 90° after each pass. One of the rods was 
reheated back to 1200 °C and rolled to diameter 25 mm by the same procedure. This rod was cut into two 
pieces and one of them was again heated back to 1200 °C and rolled to diameter 20 mm. After the last rod 
was finished, all three final pieces were cooled in water. Due to the rolling procedure, each rod was not exactly 
round but was wider in one direction (transverse direction of the corresponding last rolling step - this is the 
direction at which the diameter is measured) and this allows us to name the positions of samples according to 
Figure 1 (C - center, T - transversal edge, N - normal edge). The other diameter (in the normal direction) was 
25 mm, 22 mm and 18 mm for the rods with transverse diameter 33 mm, 25 mm and 20 mm, respectively. 
Each sample will be referred to as by its position and the transversal diameter of the corresponding rod (e.g. 
C33). 

Samples for scanning electron microscopy (SEM) and electron back-scatter diffraction (EBSD) were ground 
with SiC papers up to 2400 grit. Three step polishing was done using Buehler vibratory polisher with Alumina 
0.3 μm, Alumina 0.05 μm and Colloidal Silica 0.05 μm suspensions, 9 h for the first two steps and 3 h for the 
last step. SEM Quanta 200FX with FEG emitter operating at 10 kV and EDAX EBSD detector was used to 
microstructural characterization. Microhardness was measured on samples after SEM and EBSD observations 
using Vickers method (with load of 0.5 kgf) on Qness 10A+ hardness tester. Samples for tensile testing were 
cut from the rods in the rolling direction with the gauge length of 15 mm and the diameter of 3 mm. Room 
temperature tensile tests were performed on Instron 5882 machine at the strain rate 10-4 s-1. 

3. RESULTS AND DISCUSSION 

SEM observations revealed that porosity present in the as-cast material is removed already in the least 
deformed condition (diameter 33 mm) as is shown in Figure 2. This figure also shows heavily deformed 
microstructure in which it is difficult to distinguish individual grains and EBSD method needs to be employed. 

EBSD measurements were taken with the step size of 6 μm and results are shown in Figures 3 and 4 
employing grain orientation spread (GOS) maps. GOS is a characteristic angle for every grain and is calculated 
as an average misorientation of measured points in single grain and their mean orientation. Color scale of both 
the GOS’s and grain boundary misorientations is shown in Figure 5. GOS maps in Figure 3 show the central 
parts of the three rods (C33, C25 and C20). Increased deformation by rolling clearly causes progressive grain 
refinement. Also we can observe growing fraction of blue colored small grains that have low GOS values below 
1° (4 % for C33, 11 % for C25 and 18 % for C20). Values of GOS below approx. 1° are characteristic for 
discontinuously recrystallized grains in β-Ti alloys [14]. We can therefore argue that the fraction of 
recrystallized grains in the central part rises with increasing deformation. 
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Figure 1 Graphic representation of sample positions  Figure 2 SEM image of rod with diameter 33 mm 

GOS maps from the normal edges of the rolled rods (N33, N25 and N20) are shown in Figure 4 (the transverse 
edges - not shown - are very similar to the normal edges). Unlike the central parts there is a negligible fraction 
of recrystallized grains (less than 2 % in all conditions). Grain refinement is less evident in the transverse 
edges. On the other hand, an increasing amount of low-angle grain boundaries and an increasing deformation 
within grains (more red and orange grains) is observed with increasing degree of rolling (diameter reduction).  

The principal difference of absence of recrystallized grains in edges of rods can have a reason in lower degree 
of deformation and in lower temperature when compared to central parts. Higher deformation in the central 
parts compared to edges was found by finite elements method modelling for a similar rolling process of a 
magnesium alloy AZ31 [15]. Furthermore, the central parts of the three rods remained very hot throughout the 
process due to low thermal conductivity of titanium but the edges were cooled both by contact with the rolls 
and by surrounding air so the rods needed to be reheated. These conditions led to discontinuous 
recrystallization in the central parts while the edges could undergo only recovery processes which were 
recently found to take place in β-Ti alloys deformed at lower temperatures (820 °C - 900 °C) [14]. Partly 
recovered dislocation structure can be seen in all present GOS maps as low-angle grain boundaries. It appears 
that annealing at temperatures around 1200 °C could refine the deformed grains by discontinuous 
recrystallization but further experiments need to be performed to verify this hypothesis. 

In Table 1, the results of microhardness measurements are shown. All differences in values are within the 
statistical error (standard deviation) although central parts seem to exhibit slightly higher hardness, as well as 
the normal edges compared to transverse edges in the more deformed states. Microstructural changes of the 
central parts also did not significantly affect the microhardness. However, in comparison with the 
microhardness of the as-cast state, 326 ± 6 HV [13], the microhardness in rolled material is clearly improved. 

Tensile properties were improved by rolling for all conditions as documented by representative flow curves of 
rolled and as-cast material in Figure 6. Sharp yield point is present due to interaction of Cottrell atmospheres 
of interstitial oxygen atoms with the dislocations [16, 17] and is more pronounced in rolled material, arguably 
due to higher dislocation density induced through deformation. After short period of softening, an apparent 
strain hardening occurs until formation of a neck and a ductile fracture. In contrast, in the as-cast state, the 
brittle fracture is observed. Visible rise of the slope in rolled states (compared to as-cast state) in the elastic 
region is probably caused by different stiffness of fixing mechanisms used in the testing machine rather than 
increase in Young’s modulus. 
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a) b) c) 

Figure 3 GOS maps of central parts of rods with diameter a) 33 mm, b) 25 mm, c) 20 mm 

   
a) b) c) 

Figure 4 GOS maps of normal edges of rods with diameter a) 33 mm, b) 25 mm, c) 20 mm 

   
Figure 5 Legend for GOS maps  Figure 6 Stress - strain curves for as-cast [13] and rolled material 
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Table 1 Microhardness measurements of different rods / positions (HV 0.5) 

↓Diameter / position→ C (center) N (normal edge) T (transverse edge) 

33 mm 343 ± 5 339 ± 7 338 ± 5 

25 mm 344 ± 7 342 ± 6 336 ± 6 

20 mm 345 ± 7 346 ± 4 335 ± 6 

Table 2 Tensile properties of rolled material 

Rod diameter Yield strength (MPa) Ultimate tensile strength 
(MPa) Elongation (%) 

33 mm 1053 ± 4 1251 ± 4 21.9 ± 0.3 

25 mm 1078 ± 14 1256 ± 6 20.9 ± 1.2 

20 mm 1084 ± 7 1237 ± 19 20.0 ± 1.2 

Yield strength, ultimate tensile strength and elongation (true plastic strain at fracture) values of rolled rods are 
shown in Table 2. Each value is computed from 3 measured samples. Yield strength clearly increases with 
the reduction of final diameter, while elongation decreases insignificantly and still reaches 20%. Ultimate 
tensile strength remains the same within the statistical error in all three rolled states. 

Tensile properties of the rolled material are superior to those of commercial (and mostly used) Ti-6Al-4V alloy. 
Moreover, the studied alloy consists only of biocompatible elements and has lower Young’s modulus. Rolled 
Ti-35.3Nb-7.3Zr-5.7Ta-0.7O alloy can be readily used to hip implants manufacturing. 

4. CONCLUSION 
 Alloy Ti-35.3Nb-7.3Zr-5.7Ta-0.7O (wt.%) was processed by hot rolling at 1200 °C after casting. 
 Porosity is removed by hot rolling and heavily deformed microstructure is introduced. The microstructure 

is partly recrystallized in the center of the rods due to higher deformation and longer exposure to higher 
temperatures. Recrystallization does not occur on the edges where the material is less deformed and 
cools faster. 

 Tensile properties are greatly improved after processing. In all prepared conditions, yield strength 
exceeds 1050 MPa and elongation > 20% is obtained. Sharp yield point is more pronouned in hot-rolled 
alloy due to higher dislocation density interacting with interstitial oxygen. 

 Hot-rolled Ti-35.3Nb-7.3Zr-5.7Ta-0.7O biocompatible alloy shows superior properties to Ti-6Al-4V and 
can be used for implant manufacturing. 
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Abstract 

The paper deals with the optimization of manufacturing of cast metal foams and possibilities of using of this 
specific material. It is focused on castings from aluminum alloy with a regular arrangement of internal cells. 
The optimization relates to already used casting technologies - production of metal foams using sand cores. 
Casting of metal foams has a wide range of applications such as: automotive, aerospace, construction, energy. 
They have unique properties thanks to reduced weight with sufficient strength and they are used e.g. for: 
absorbing impact energy or heat conduction. In this article we deal with the usage of the metal foam as a heat 
exchanger. The shape and size of heat exchanger depending on its effectiveness by using a simulation 
program is solved. 

Keywords: Metal foam, 3D modelling, heat exchanger, heat conduction, efficiency 

1. INTRODUCTION 

Metal foams are materials with ongoing research and we can say that they can be materials of the future. 
These unique materials contain artificially created pores in their structure and thanks to these pores metal 
foams have specific properties such as large rigidity at low density. There are many different ways to create 
metal foams. This article deals with metal foams manufactured with foundry technology - infiltration of molten 
metal into the mold cavity filled with preform. Thanks to this technology we can create casting of metal foams 
with regular structure with open interconnected pores so the gaseous or liquid medium can flow through them. 
Such types of castings can be used as heat exchangers. This paper presents a computer simulation that 
evaluates the efficiency of the proposed heat exchangers [1].  

1.1. Procedure for solution 

First we manufactured the prototype of heat exchanger - the real casting of metal foam with regular inner cells 
and with a solid wall separating two floors of cavities. On this basis, a geometric model of the heat exchanger 
(metal foam) and a classical pipe heat exchanger were created. Both variants were calculated by simulation 
software Ansys 16. It has been found that the heat exchanger in the form of a metal foam has better heat 
transfer efficiency [2]. Therefore, other variants of the internal geometry of the casting of metal foam in the 
newly acquired software Ansys R18.0 were created and calculated. 

2. EXPERIMENTAL PART 

This part is devoted to the design and testing of metal foam geometry with a regular internal arrangement for 
use as a heat exchanger. 

2.1.  Individually assessed geometry 

The four different geometries of the co-flow heat exchangers have been designed, which are shown in 
Figures 1 - 4. It is about heat exchangers with the spherical cores which differ from each other. Change of the 
heat exchangers is either in a different cores arrangement during casting in their body or change of the input 
and output. The each mathematical model has contained a mesh with approx. 5 million cells. Heat exchangers 
were simulated with the same boundary conditions at the input, output and side for comparison of the results 
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with each other. At the same time conventional tube heat exchanger was re-calculated and its outputs were 
chosen as a reference for a better comparison. The results are included in Tables 2, 3. 

2.2. Boundary conditions 

The calculation of both geometries was divided into a two main domains. The first domain was set up as a 
liquid representing flow water. The second domain was set up as a solid body representing a metal heat 
exchanger. The material properties of both domains are summarized in Table 1. Wall roughness is not included 
in the calculation [4]. A heat transfer coefficient of the value 5 W/(m2·K) was applied to the outer walls of the 
heat exchangers, which representing free laid body in the space and is freely cooled by the external 
environment. [4]. Velocity condition of 1 m/s was applied at the input and an average static pressure of value 
0 Pa was applied at output. Table 2 summarizes the initial values of boundary conditions [4, 5]. 

Table 1 Material properties 

Properties Unit 
Domain 

Water Aluminum 

Thermal conductivity  W/(m·K) 0.6069 237 

Specific heat capacity  kg/(J·K) 4181 903 

Density at 20 °C  kg/m3 997 2702 

Dynamic viscosity kg/(m·s) 8.9·10-4 - 

Table 2 Boundary conditions 

Inlet Outlet 

The temperature of the upper floor (°C) 80 Average static pressure ([Pa) 0 

The temperature of the bottom floor (°C) 20 Average static pressure (Pa) 0 

The flow velocity in the upper floor (m/s) 1   

The velocity in the bottom floor (m/s) 1   

2.3. Results 

The calculation was run on a workstation including 16 CPus, 64Gb Ram and SSD. The calculation was finished 
after approx. 6 days. Convergence was achieved under the required accuracy of 5E-5. The precision is 
adequate to compare each model. Table 3 summarizes the average values of the output areas of the fourth 
heat exchangers. 

Table 3 The average value of the output temperature (°C) 

 Hot side  Cold side  Hot side outer + 
center average 

Cold side outer + center 
average 

Geometry 1 74.35 25.55     

Geometry 2 68.85 31.15     

Geometry 3 69.75 30.25     

Geometry 4     67.5 32.45 

Geometry 5     68.35 31.6 

Geometry 6 62.25 37.85     
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The results of the thermal field in a plane located in the center of the spherical core are shown at  
Figures 1-6, In other words at the points of flowing water in all calculated variants. The heat exchanger number 
6 was the best one of the all designed heat exchangers. This heat exchanger is characterized by the 
arrangement of the balls in four rows. Two rows are interconnected in a pair. The each pair is separated from 
each other pair by the wall. Its efficiency is numerically the highest, as Table 3 demonstrates. 

 

Figure 1 Cold side of the heat exchangers geometry 3, 4 

 

Figure 2 Cold side of the heat exchangers geometry 5, 6 

 

Figure 3 Heat side of the heat exchangers geometry 3, 4 
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Figure 4 Heat side of the heat exchangers 5, 6 

The thermal distribution on the surface of the heat exchangers (warm side) is shown at Figures 5 and 6. It 
can be seen that heat exchanger No. 5 has achieved a uniform distribution of heat from the center towards its 
outlet. While heat exchanger No. 6 has achieved a certain thermal gradient over the entire surface. The heat 
exchanger No. 6 seems to be the best. However, it depends on its application in an industry. For heat exchange 
purposes in order to achieve the most efficient heat exchange for secondary use, this would be suitable, but 
for the purpose of uniform heating of a heated bed for laboratory conditions etc., it would certainly be preferable 
the exchanger No. 5. 

 

Figure 5 Thermal distribution on the surface geometry 3, 4 

 

Figure 6 Thermal distribution on the surface geometry 5, 6 
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The pressure field within the individual heat exchangers is shown at Figures 7 and 8. All heat exchangers 
have a similar pressure distribution; the overpressure is in the range of about 0 to 10 kPa, except for the heat 
exchanger number 6. There is no higher pressure loss in this heat exchanger, the overpressure is about 0 - 
6.5 kPa. Geometry designed in this way is particularly suited to applications where less efficient pumps are 
needed, with an emphasis on its size or energy consumption. To achieve the same mass flow would require a 
40% more efficient pump. 

 

Figure 7 Internal pressure field 

 

Figure 8 Internal pressure field 

3. CONCLUSION 

Due to the technology of infiltration of molten metal into the mold cavity, we can create a cast metal foam with 
a regular arrangement of internal cells. One possible application of castings with such a complicated inner 
cavity is a heat exchanger. For the purpose of verifying efficiency, variants were simulated to simulate flow of 
liquid media through a metal foam. Computational analysis showed that computational analysis has shown 
that such a designed heat exchanger could find its application in engineering practice. It achieves better results 
than a conventional tube heat exchanger, which is found, for example, in boilers for water heating. Its thermal 
efficiency is higher and even the pressure losses correspond to the results of heat exchanger No. 6. Such a 
heat exchanger with its design and robustness could also be used in nuclear power engineering, where 
production safety and material inclusions are strictly monitored. Advantageously, we can consider its 
modularity or usability as a deformation safety member and heat exchanger in synergy to heavy traffic. 
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Abstract 

This work investigates the formation of the structure of high-strength aluminum alloy based on an Al-Zn-Mg-
Ni-Fe system with an iron content of more than 0.5 wt.% during thermomechanical treatment including hot and 
cold longitudinal rolling with a reduction ratio of 40 and radial-shear rolling with a reduction ratio of 8.16. 
Microstructural investigations showed that iron and nickel are joined into the eutectic Al9FeNi phase at all 
stages, and the non-equilibrium T phase has no influence on technological plasticity. A hardness measure 
showed significant strengthening after rolling and precipitation ageing in mode Т6 and T4. 

Keywords: High-strength aluminum alloys, thermomechanical treatment, microstructure, hardness 

1. INTRODUCTION 

High-strength Al-Zn-Mg alloys with additions of iron and nickel (nickalins) have been attracting great research 
interest due to their high castability and competitive mechanical properties. These alloys have a hardening 
matrix with zinc, magnesium, and eutectic Al9FeNi phase contributing to their unique characteristics. In 
particular compared to conventional 7xxx alloys, nickalins can be successfully subjected to argon-arc welding 
[1, 2]. It is important to note that the eutectic (Al) +Al9FeNi is similar to (Al)+Al3Ni but contains less nickel and 
iron as an alloying element. The recycled aluminum alloys and aluminum produced by electrolysis with an inert 
anode can be used as a feedstock due to high content of an iron. In favour of this approach, there is a 2618 
aluminum alloy based on an Al-Cu-Mg system with Al9FeNi phase; it is used as a heat resistant alloy and has 
high deformability [3, 4]. 

Any wrought hardenable aluminum alloy should be properly processed to obtain the required properties. 
The most frequently used wrought semi-finished products are sheets and rods that are conventionally obtained 
by longitudinal rolling (LR) and extrusion. One of the prospective ways to obtain small-diameter rods is by 
radial-shear rolling (RSR). This method is acknowledged as an effective method of forming a sub-
microcrystalline structure with high mechanical properties. The RSR method relates to screw rolling with high 
supply angles (18-20°), allowing it to be applied to metals and alloys that are hard to deform, including high 
carbon iron-based alloys and hypereutectic silumins [5, 6]. There is a little information about the processing of 
aluminum alloys. One of the most informative and recent publication [7] discusses the processing  
of Al-4.4Cu-1.6Mg and demonstrates the achievement of subgrain structure. In addition, the grain growth and 
destruction of billets during processing at temperatures above 380 °C were noted in that work.  

Nickalins should be carefully studied. It is considered as promising alloys which can replace 7xxx alloys and 
they should have competitive strength, which primarily depends on the structure. Therefore, it is relevant to 
study the structural behaviour of nickalins during RSR and to compare them with thin sheet structures. 

This work aims to determine the formation of the structure of novel high-strength aluminum alloy based on Al-
Zn-Mg-Ni-Fe system during thermomechanical treatment including the conventional LR method and the newer 
RSR method. 
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2. EXPERIMENT 

The experimental alloy with a calculated composition of Al-6.8%Zn-2.8%Mg-0.5%Fe-0.6%Ni-0.15%Zr was 
melted in an induction furnace in graphite-chamotte crucibles using 99.85% pure aluminum, 99.98% pure zinc, 
99.9% pure magnesium, and Al-20 wt.% Ni, Al-10 wt.% Fe, and Al-15 wt.% Zr master alloys. The molten metal 
was poured into the graphite flat cross-section mould (40 × 140 × 180 mm) and metallic round cross-section 
mould (40 × 250 mm). The chemical composition of alloy obtained by spectral analysis is given in Table 1. 

Table 1 Chemical composition of experimental alloy (wt.%) [2] 

Zn Mg Ni Fe Zr Al 
6.54 2.33 0.67 0.52 0.16 Balance 

Thermodynamic calculations including the composition of the polythermal section, the determination of the 
phase transformation temperatures, and the analysis of non-equilibrium crystallization were performed using 
Thermo-Calc software (TTAL5 database) [8]. Thermomechanical treatment was conducted according to 
scheme shown in Figure 1. Heat treatment was carried out in an electric muffle furnace; the temperature was 
maintained with accuracy about 3 K. Hot rolling and cold rolling were conducted on laboratory rolling mills. The 
rods were rolled on a 14-40 RSR mill. 

 
Figure 1 Scheme of thermomechanical treatment 

Ingots and wrought semi-finished products (Figure 2) were subjected to microstructure analysis by scanning 
electron microscopy (SEM) TESCAN VEGA 3 and electron microprobe analysis (Oxford AZtec). The 
specimens were polished using a diamond suspension with 9, 6, and 3 m fractions. Quantity analysis of 
microstructures including calculation of the volume fraction of particles and their distribution depending on size 
was carried out with ImageJ software.  

 
Figure 2 Study subjects 
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The Vickers hardness (НV) was evaluated using a Wilson Wolpert 930 N hardness tester at the following 
parameters: the load was 50 N and the holding time was 15 s. 

3. RESULTS AND DISCUSSION 

3.1. Calculations 

According to the polythermal section (Figure 3a), the contents of iron and nickel satisfy the requirements for 
the formation of the equilibrium L→(Al)+Al9FeNi eutectic reaction. A high equilibrium solidus (Table 2) makes 
it possible to conduct high-temperature annealing (at about 540 °C) to spheroidize the Al9FeNi phase. 
Compared to high-strength Al-Zn-Mg-Cu alloys, which have a wide equilibrium crystallization range (up to 
180 °C), due to the low eutectic temperatures of (Al)+Al2Mg3Zn3 (T) (489 °C) and Al-MgZn2 (M) (470 °C) [9], 
nickalins have an equilibrium crystallization range that is about 2.5 times lower, which makes them weldable. 
Moreover, the high content of copper in alloy such as 7150 contributes to the formation of S (Al2CuMg) phase, 
which is hard to dissolve in (Al) matrix due to its low diffusivity coefficient in aluminum [10, 11]. Non-equilibrium 
crystallization was considered using the Scheil-Gulliver model. This simulation shows that non-equilibrium 
crystallization ends with L → (Al) + Al9FeNi + Т at 485 °C (Figure 3b). The formation of T phase increases the 
crystallization range at 87 °C and constrains the primary first step of annealing (about 450 °C under non-
equilibrium solidus) to dissolve it in the (Al) matrix.   

 
    a)       b) 

Figure 3 Fragment of polythermal section of Al-Zn-Mg-Fe-Ni system (6.54 wt.% Zn, 2.33 wt.% Mg, and 0.67 
wt.% Ni) (а) and mole fraction of solid - temperature diagram during non-equilibrium crystallization (b) [3, 4] 

Table 2 Phase transformation temperatures calculated at Thermo-Calc 

ТL (°C) ТS (°C) ∆Т (°C) ТNS (°C) ∆ТNS (°C) TSS (°C) 

632 565 67 485 147 417 

TL - liquidus; TS - solidus; ∆Т - crystallization range; TNS - non-equilibrium solidus; ∆ТN - non-equilibrium crystallization 
range; TSS - solvus 
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The calculated chemistry of the (Al) matrix at 450 °C is 6.6 wt.% Zn, 2.63 wt.% Mg, 0.16 wt.% Zr. This 
composition was used to define the phase composition of experimental alloy at ageing temperature (140 °C) 
to predict the phase composition and volume fraction of hardening phases (Table 3). According to the 
calculation, the microstructure of wrought semi-finished products after ageing in mode T6 will contain  
dispersion-hardened (Al) matrix and Al9FeNi phase with a volume fraction of 3.7%. 

Table 3 Phase composition (wt.%) of (Al) matrix at  ageing temperature 140 °C calculated at Thermo-Calc 

Phase QM (%) QV (%) Al Mg Zn Zr 

(Al) 89.32 89.3 99.1 0.60 0.16 0.16 

Т 10.68 10.7 15.21 22.22 61.14 0.00 
QM - mass fraction; Qv - volume fraction 

3.2. Microstructure 

As predicted, the as-cast structure consists of (Al) matrix and eutectic phases: equilibrium Al9FeNi phase and 
non-equilibrium T phase. These phases have an intermittent vein morphology, located around dendritic cells 
(Figure 4a). According to the multilayered distribution map (Figure 4b), zinc and magnesium have partially 
dissolved in the (Al) matrix, which will reduce the time during isothermal holding in the first step of 
homogenization. There are no primary Al3Zr (DO23) crystals because all of the zirconium has apparently 
dissolved in the aluminum during non-equilibrium crystallization. Al3Zr (L12) modification is expected to be an 
effective means of preventing recrystallization during rolling and pre-quenching heating [12]. After two-step 
homogenization which took 6 hours, the Al9FeNi phase develops a fine morphology (Figure 4c) with a volume 
fraction of 3.7% and predominant size of 1-3 m2 (Figure 6a). According to the results of microprobe analysis 
(Table 4), secondary T phase precipitated as fine particles less than 1 m in size in the centre of dendritic 
cells. 

 
Figure 4 Microstructure of ingot from experimental alloy: (a) as-cast SEM; (b) as-cast multilayered 

distribution map; (c) after two-step homogenization 

Table 4 Chemical composition (wt.%) of aluminum matrix obtained by microprobe analysis 

Processing state Zn Mg Fe Ni Al 

As-cast  5.89 1.68 0.07 0.06 Balance 

As homogenized 7.99 2.91 0.08 0.03 Balance 
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After rolling, we obtained high-quality thin sheets (0.5 mm, average reduction ratio = 1.33 for one pass, total 
reduction ratio = 40) and calibrated rods (14 mm, average reduction ratio = 1.7 for one pass, total reduction 
ratio = 8.16).The microstructures of hot-rolled sheets (Figure 5a) and cold-rolled sheets after ageing in mode 
T6 are similar. They consist of fine, relatively globular Al9FeNi particles uniformly distributed in (Al) matrix. The 
size of the particles is about 1-2 µm2 (Figure 6b). Eutectic particles in calibrated rods are larger (Figure 5b). 
The predominant size is 2 µm. However, some particles are 3-15 m2 in size (Figure 6c). The microstructure 
was obtained at the centre of the specimen and the picture will probably be similar in terms of structure after 
LR in the peripheral zone, because the RSR method is well-known for its hard fragmentation of the peripheral 
zone [5, 13]. 

  
Figure 5 Microstructure of experimental alloy after ageing in mode T6: (a) thin sheet (0.5 mm);  

(b) rods (14 mm) 

 
Na/N -ratio of the number of particles of size a to the total number of particles; d - area of particles (µm2) 

Figure 6 Histograms of the particle size distributions of Al9FeNi particles in the experimental alloy after two-
step homogenization (a), LR (b) and RSR (c) 

3.3. Hardness 

Each sample was subjected to five measurements and the result was taken as an average value. The standard 
deviation was no more than 1% for each sample. The load was 50 N (5 kg). According to measured hardness 
(Figure 7), the experimental alloy was subjected to cyclical structural changes during the rolling-ageing 
treatment. There is a high deformation strengthening after hot and cold longitudinal rolling: the HV5 value is 
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180 that is similar with value in Т6 mode. Ageing according to T4 mode allowed obtaining the HV5 value 145. 
The hardness of as-rolled rods is much lower, because of processing at high temperature. But after ageing in 
Т4 and T6 mode it is about 5 HV higher than the value in thin sheets. Apparently the high strengthening rate 
appeared due to combination of deformation hardening, precipitation hardening and reinforcing by Al9FeNi 
particles. 

Owing to the fact that modern studies of Al-Zn-Mg-Cu alloys assume a limitation of the iron content, the addition 
of Sc, and an increase in the duration of thermomechanical treatment [1, 10, 12, 15], nickalins are a potential 
candidate to replace them due to their high processability and economical alloying. 

 
Figure 7 Hardness of the experimental alloy depending on a processing way 

4. CONCLUSION 

High-strength aluminum alloy based on Al-Zn-Mg-Ni-Fe system with a content of iron above 0.5% was passed 
through longitudinal hot and cold rolling with an reduction ratio of 40 and radial-shear rolling with an reduction 
ratio of 8.16. Iron is joined to Al9FeNi particles, which do not inhibit the deformation.  

The temperatures of thermomechanical treatment were proved by a calculation method with  
Thermo-Calc software. Two-step homogenization leads to precipitation of zinc and magnesium into T phase 
with a size of less than 1 m in the centre of dendritic cells of (Al). 

The size and morphology of eutectic particles in experimental alloy obtained as radial-shear rolled rods is a 
little larger and coarser than in thin sheet. However, a hardness measure showed significant strengthening 
after rolling and precipitation ageing in mode Т6 and T4. 
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Abstract 

The aim of the present work was to improve the quality of the single crystal permanent magnets based on the 
Ticonal 9 alloy (35 % Co, 14 % Ni, 7 % Al, 5 % Ti, 4 % Cu, Fe the rest, in wt.%) applied in the precision 
instruments of the space techniques. The alignment, configuration and structural perfection of the Ticonal 9 
based single crystal magnets with different magnetic characteristics have been studied in the work. Single 
crystals grown of the melt by the directional controlled solidification method with the seed crystals having the 
[001] alignment were used. Single crystals underwent standard heat-magnetic treatment (HMT) but had 
various parameters of the induction distribution on the poles. X-ray structure analysis and x-ray diffraction 
topography allowed to study the crystal structure of the alloy after the HMT, to determine the lattice periods of 
the α- and  α’-phases, to reveal two different pencil-like and plate-like configuration types. Small randomly 
aligned crystals have been found. The single crystal structure was correlated to the induction distribution in 
the air gap on the magnet poles. The results of the study allowed improve the single crystal production 
technique. 

Keywords: Single crystal, permanent magnet, magnetic induction, lattice, phase 

1. INTRODUCTION 

Single crystals of metallic alloys have unique operation properties and are used in the most significant and 
critical articles [1-4]. Single crystal ingots are used to manufacture single crystal permanent magnets for high 
precision instruments for the rocket and space techniques [4]. In Figure 1 a device with the single crystal 
magnet of the Ticonal 9 alloy is shown.  

 
Figure 1 General view of the single crystal magnets and the high precision device 
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In the manufacturing process the induction distribution in the air gap Bδ (T) was controlled in finished single 
crystal permanent magnets, the relative difference of the inductions on the poles δBNS (%), deviation angle of 
the matching mark from the heat-magnetic treatment (HMT) direction φ (deg), the maximums displacement 
angle ∆αNS (deg), distortion of the distribution curve configuration ∆B/ (%), asymmetry of the shape of the south 
pole δB//

S (%) and the north pole δB//
N (%) and the shape coefficient (KSH) were determined. If the controlled 

parameter values exceeded the specified values the manufactured magnets could not be used. In Table 1 the 
controlled magnetic parameter values of 5 single crystal magnets of the Ticonal 9 alloy which were used in the 
present study are given. Magnets 1 and 5 met the required values completely. Magnets 2 - 4 didn’t meet the 
technical requirements. 

Table 1 Magnetic characteristics of the studied single crystal magnets 

No. of the sample Bδ (T) δBNS (%) φ (deg) ∆αNS (deg) δB/ (%) δB//S (%) δB//N (%) KSH (1) 

1 0.637 2.34 0.5 0º 51’ 1.92 1.92 2.88 0.85 

2 0.577 6.81 0.5 4º 30’ 2.85 4.76 6.66 0.81 

3 0.645 2.67 0.5 6º 55’ 0 15.4 5.45 0.84 

4 0.585 2.97 0.5 0º 1.96 12.7 12.9 0.83 

5 0.593 1.1 0.5 0º 52’ 0.97 3.92 2.91 0.85 

2. EXPERIMENTAL 

Single crystal ingots of the Ticonal 9 alloy were grown by the directional controlled solidification method on the 
seed crystals with the [001] alignment in the multi-position apparatus “Crystallizer 203” [4, 5]. The argon 
atmosphere was used to manufacture magnets. The temperature gradient in the melt in front of the 
crystallization front was GL= 6-8 K/mm. The growing rate was R = 1-1.5 mm/min. The diameter of the grown 
single crystals was 22 mm. 

Single crystal ingots underwent standard HMT. It consisted of the heating to the temperature 1250 °C and 
homogenizing at this temperature 20 - 25 min, cooling from 1250 °C to 800 °C at the rate no less than 150 
K/min. Then the ingots were placed into the isothermal bath at the temperature 795 ± 5 °C for 10 min with the 
applied magnetic field H = 240 kA/m along the crystallographic direction [001]. The HMT was ended with the 
two-step tempering: 5 h at 640 °C and 20 h at 560 °C. The surfaces of the selected magnets perpendicular to 
the growing direction [100] and their sections along the planes (001), (010) and (110) were ground and polished 
with electrolyte to remove deformed layers. Light microscope “Neophot - 2” was used to study the longitudinal 
sections. 

To study the crystal structure of the magnets a number of the X-ray structure analytical methods were applied: 
the Laue reflection method, the topographic angular scanning, Berg-Barrett methods, and the X-ray 
diffractometry. The epigrams were taken in the Mo-emission with the apparatus УРС-60 in the chamber РКСО. 
The topographic and diffractometric investigations were carried out in the Co- and Cu-emissions using the 
apparatus ДРОН-1 with the specially designed attachment. The distance from the source to the sample along 
the falling beam was 180 mm. The angular scanning topograms were taken in the (200), (002) and (220) 
reflections; the Berg-Barrett topograms in the (220) reflection. The distance A from the sample to the film along 
the reflected beam was 5 mm in the Berg-Barrett method, it varied from 10 to 80 mm when the topograms 
were taken by the angular scanning method. The reflection curves were obtained with the diffractometer in the 
(200) reflection when the samples were scanned in the angular disalignment period of the single crystals. The 
presence of the extra crystallites in the magnets was tested by means of the reflection curves in the (200) 
reflection obtained for a wide range of the scanning angles of the samples. In this case a more rigid operation 
mode of the apparatus and a swifter rotation of the sample in its own plane were applied. To determine the 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1926 

lattice parameters of the α’- and α- phases the (200), (020), (002), (220) and (222) structure lines were 
recorded with the diffractometer. Earlier we studied the dependence of the structure of the single crystals of 
the Ticonal 9 alloy on their growing modes from the melt [6]. 

3. RESULTS AND DISCUSSION 

The X-ray diffractometry showed that the magnets under the investigation mainly consisted of the α’- and α-
phases forming the pseudo-single crystal structure. In Table 2 the obtained lattice parameters of these phases 
are given. The error did not exceed 0.0002 nm. The both phases exhibited weak tetragonality. The  period 
of their lattices coincided the direction of the tetragonality axis and was set by the direction of the field operating 
during the HMT (Table 3). The tetragonality effect was explained by the elastic deformation arising at the 
coherent stressing of the cubic phases with different lattice parameters [7, 8]. The parameter of the bcc -lattice 
of the initial solid solution was 0.2882 nm. 

Table 2 Lattice parameters of the α’ and α phases in the Ticonal 9 alloy magnets 

Phase a (nm) c (nm) c/a 

α’ -  phase 

α - phase 

0.2861 

0.2913 x 2 

0.2877 

0.2877 x 2 

1.006 

0.987 

Table 3 Values of the Bδ parameter of the Ticonal 9 alloy magnets and data on their crystal structure 

Parameters 

Magnet number 

1 2 3 4 5 

Induction value in the air gap Bδ (T) 

0.637 0.577 0.645 0.585 0.593 

Angle between the 
[100] direction and the 
single crystal growth 
axis 

< 2º 

 

2º 

 

2º 

 

< 2º 

 

4º 

 

Angle between the 
[001] direction and the 
H  vector 

4º 

 

10º 

 

< 2º 

 

2º 

 

< 2º 

 

Structure Pencil type Pencil type Plate type Plate type Plate type 

Fragmentation 
peculiarities 

Does not lead to 
a noticeable 
flexure of the 
(100) plane 

A very coarse 
fragmentation 

 

Leads to a 
globe-shaped 
flexure of the 
(100) plane 

Leads to a 
saddle-shaped 
flexure of the 
(100) plane 

Leads to a 
saddle-shaped 
flexure of the 
(100) plane 

Extra crystallites Present, but a few Present 
Present, but 

very few 
Present Present 

Both phases had ordering and gave superstructure lines which were perfectly revealed in case of the α - phase. 
However it was difficult to find them in the α’- phase, because according to [9] its main ingredients were the 
elements Fe and Co occupying the adjacent positions in the periodic law. Though both phases occupied similar 
relative volumes [5], the structure lines of the α’-phase were considerably more intensive (Figure 2 a). This 
was explained by the fact that elements with a higher atomic factor prevailed in the α’-phase composition. It 
was found out that the Kα - duplicate exhibited a good resolution on the common line (002) of the α’-phase and 

c
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(004) of the α-phase, whereas the lines (200), (020) of the α’-phase and (400), (040) of the α-phase were 
strongly washed away (Figure 2). This confirmed the crystallographic alignment of the precipitate particles in 
the direction of the field vector H and their strong shape anisotropy. According to [10] in the Ticonal 9 alloy 
after the HMT the relation of the particle length to the width was 13-16 at their width 3·10-6 cm. The obtained 
results, as far as the crystal family, crystallographic alignment of the lattices of the α’- and α-phases and their 
ordering were concerned, agreed with the data published earlier [5, 7, 10]. 

 

Figure 2 Diffraction lines of magnet 5 

(a) (200) of the α’-phase (left), (400) of the α-phase (right); (b) Kα - duplicate (002) of the α/-phase and 
(004) of the α-phase; the following range of the calculation rate was used: (a) 2·103 pulse/s,  

(b) 1·104 pulse/s 

Let’s proceed to the description of the crystal structure of the magnets. Data about their alignment relative to 
the single crystal growing axis and the field tension vector H at the HMT were obtained by the Laue method 
and were restricted to a small central region of the samples. The crystallographic direction [100] noticeably 
deviated from the growth axis only in magnet 5 (Table 3). A considerable deviation of the tetragonality axis 
[001] from the direction of the vector H was found out for magnet 2 (Table 3).  

By the topograms, obtained by the Berg-Barrett and the angular scanning methods, it was determined that in 
magnets 1 and 2 the dendrite cells form the pencil-like structure and magnets 3, 4, 5 had a plate-like prismatic 
configuration (Figure 3). The plates were parallel to the crystallographic planes (011) and (011). Using the 
topograms, the distances along the directions [001] and [010] between the dendrite cells in magnet 1 and 
between the plates in magnet 3 were determined. This period coincided for the dendrite cells and plates, it 
was 0.38 mm. The metallographic study of the longitudinal sections of the magnets with the plate type structure 
showed the presence of the titanium monosulfide inclusions. Weak lines of this compound were detected in 
the diffractograms of the magnets. The morphology of the TiS inclusions was similar to the one described for 
the Ticonal 9 alloy single crystals alloyed with sulfur [11]. Broken eutectic cells were present with the TiS phase 
as the eutectic constituent between the dendrite cells of the α-solid solution. Plates were formed during the 
single crystal growing process by the combination of the dendrite cells [11]. 

Analysis of the angular scanning topograms obtained in the (220), (200) and (002) reflections and the (200) 
reflection curves showed that all magnets had a developed substructure. Special attention should be paid to 
magnet 2 possessing a very coarse fragmentation (Figure 3 b). In this magnet the disalignment between the 
fragments reached 10º. To estimate quantitatively the perfection we chose magnets 1 and 3 containing a few 
random crystallites, which will be discussed below. 
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Figure 3 X-ray topograms (x 1.5) of magnets 1 (a), 2 (b), 3 (c), 4 (d), 5 (e) obtained by the angular 
scanning method in the reflection (220) at A = 10 mm 

The characteristics of the substructure of the I order were the following: the average transverse dimension of 
the fragments was 1.0 mm; the average disalignment angle between them was 15/; the range of the dispersion 
of the [100] alignment was 4.5º. It must be noted that the perfection of the substructure of the single crystals 
grown in the multi - position apparatus “Crystallizer 203” deteriorated in comparison with the single crystals 
grown in the one-position apparatus “Crystal EM” and described in the work [6]. The dispersion range of the 
set alignment increased considerably. To study the dispersion character of the [100] alignment in the magnets 
we compared the angular scanning topograms in the reflections (200) and ( 002 ) recorded on their top and 
bottom bases. For magnet 1 the image areas of the both bases were approximately the same. For magnet 3 
the image area of the bottom base surpassed the image area of the top base. Accordingly, the angular width 
of the reflection curve in the reflection ( 002 ) exceeded that of the reflection (200) (Figure 4).  

 
Figure 4 Reflection curves of magnet 3 in the reflections (200) (a) and ( 002 ) (b) obtained with the 

horizontal slot in front of the sample 0.15 mm 
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Earlier it was found out [6] that the image areas in the topograms of the adjacent cross-sections of the single 
crystals of the Ticonal 9 alloy differed. In the work [12] it was shown that these peculiarities of the diffraction 
images in the reflections (200) and ( 002 ) were the result of the monotonous change of the fragment alignment 
at the moving from the single crystal axis in the radial direction with the formation of the macroscopic flexure 
(globe-shaped bending) of the transverse plane (100). It was determined that the flexure direction of the plane 
(100) and the growth front coincided. Obviously, this structure imperfection of the single crystal was retained 
during its HMT. 

The image transformations in the topograms at the transition from the top to the bottom base of magnets 4 
and 5 indicated a more complicated macroscopic flexure of the plane (100), namely the saddle-shaped flexure. 
Really, the reflection from one base was contracted in the azimuth direction and stretched in the radial, and 
from the opposite one it was contracted in the radial direction and stretched in the azimuth (Figure 5). We 
believe that the macroflexure of the transversal plane (100) of the single crystal depends on the location of its 
mold in the growing apparatus, since it is difficult to apply identical thermal field for all positions. 

 
Figure 5 X-ray topograms (x 2) of magnet 4 obtained by the angular scanning method at A = 80 mm in the 

reflection (200) (a) and the reflection ( 002 ) (b). The radial and azimuth directions in the topograms 
correspond to the [001] and [010] directions of the pseudo-single crystal 

It was important to find out if there were extra crystallites called “random” in the magnets. On the reflection 
curves of all magnets obtained in the reflection (200) for a wide region of the angular positions of the plane 
(100) weak “extra” reflections were detected. They were located outside the angular period of the reflection 
curve of the main pseudo-single crystal (Figure 6). These reflections belonged to extra crystallites with the 
alignment differing from the set alignment [100]. Comparison of the “expanded” reflection curves showed that 
extra crystallites occupied a more considerable volume in magnets 2, 4, 5, their volume fraction was less in 
magnets 1 and 3 (Table 3). Magnet 3 contained the least amount of the extra crystallites and their reflections 
were located close to the reflection of the main pseudo-single crystal. Based on the data of Tables 1 and 3 we 
can say that the induction characteristics in the air gap depend first of all on the magnet volume fraction 
occupied by the extra crystallites. However, magnet 2 exhibited the lowest values of the controlled parameters; 
besides the structure imperfection in the form of the extra crystallites, it had a very coarse fragmentation. We 
must note that in magnets 1 and 3 with satisfactory parameter values fragmentation either did not lead to a 
noticeable flexure of the crystallographic plane (100) or its simple bending flexure was realized. 
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Figure 6 Reflection curves of magnet 2 in the reflection (200) obtained from the pseudo-single crystal (a) 
and from the extra crystallites (b) when the total plane of the sample is illuminated by the X-rays 

4. CONCLUSION 

1) The studied Ticonal 9 alloy magnets were pseudo-single crystals consisting of the precipitates of the α’-
phase (a = 0.2861 nm; c = 0.2877 nm) and α-phase (a = 0.2913 x 2 nm; c = 0.2877 x 2 nm). The 
presence of the ordering of these phases, weak tetragonality of their lattices, shape anisotropy of the 
precipitates with the crystallographic directions was confirmed, which corresponds to the high coercivity 
of the alloy. 

2) The magnets had pencil- or plate-shaped structure of the growth origin. They inherited also a developed 
substructure, with which the dispersion of the set alignment [100] and the macroscopic flexure of the 
transversal plane were related. According to the results of the analyses, in the magnets with the 
satisfactory values of the induction distribution in the air gap the angular period of the dispersion of the 
alignment [100] was 4.5º. 

3) The magnets contained some amount of extra crystallites with the alignment different from the set {100}. 
Their presence was detected by the “expanded” reflection curves. The relative volume fraction of the 
extra crystallites was higher in the magnets rejected by the technical parameters. 

4) The use of the multi-position apparatus for the single crystal growing instead of the one-position resulted 
in the deterioration of their substructure perfection up to the coarse fragmentation which had a negative 
effect on the technical parameters of the magnet.  
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Abstract 

The strength and hardness in some metal or alloys may be enhanced by the presence of extremely small and 
uniformly dispersed particles within the original phase matrix. The aim of this paper was to prepare and 
characterize the Cu-0.4Cr-0.1Nb (wt.%) alloy strengthened by the high melting point intermetallic compound 
Cr2Nb. This phase is stable in solid and liquid Cu up to temperatures above 1600 °C and it contributes to the 
microstructural stability of the alloy during its application at elevated temperatures. Both chromium and niobium 
have a minimal solubility in solid Cu, which limits the decrease in conductivity. This alloy was produced by a 
combination of plasma melting and vacuum induction melting and it was formed into wires of diameters 0.3 
and 0.5 mm. The structural properties and chemical composition were evaluated using scanning electron 
microscope JSM-7600F equipped with a WDS spectrometer INCA and the high-resolution field emission gun-
scanning electron microscope QUANTA 450 FEG equipped with an energy dispersive X-ray analyzer APOLLO 
X. The samples were subjected to the tensile testing. The Cr2Nb precipitates were fairly uniformly distributed 
in Cu-matrix and their mean size was approx. 1-3 um. The ultimate tensile strength of wires was substantially 
increased in comparison to an unalloyed copper wire. 

Keywords: Cu-Cr-Nb alloy, Cr2Nb precipitates, induction melting, wire drawing, mechanical properties 

1. INTRODUCTION 

The Cu-Cr-Nb alloy provides the combination of high strength, high thermal conductivity, and good long term 
stability at elevated temperatures and it can be considered as a candidate material for uses in the thrust 
chamber liners in rocket engines and in nuclear reactors, such as fusion reactor divertor and first wall 
components [1-7]. The Cu-Cr-Nb alloy with the Cr/Nb ratio (at. %) of 2:1 is strengthened by the high melting 
point Cr2Nb intermetallic phase, which is formed in-situ in the copper matrix (Figure 1). These very fine sized 
precipitates with uniform distribution are stable in solid and liquid copper to temperatures above 1600 °C. The 
primary precipitates formed directly from the melt have approx. 0.5-2 µm in size [1-3]. Secondary Cr2Nb 
intermetallic particles (<100 nm) precipitate from the solid solution. The solubility of Cr and Nb is very low in 
solid Cu, limiting the decrease in conductivity. This phase also contributes to the microstructural stability of the 
alloy during subsequent elevated temperature application. These alloys can be produced by different methods, 
such as self-propagating high temperature (SHS) process, chill block melt spinning (CBMS), gas atomization, 
cryomilling, extrusion, hot isostatic pressing (HIP), casting, warm rolling, mechanical milling and vacuum 
plasma spraying (VPS) [1-7].  

This paper deals with the preparation of Cu-0.4Cr-0.1Nb (wt.%) alloy with the optimized properties using an 
innovative metallurgical route and its processing into a form of wires of 0.3 and 0.5 mm in diameter. The 
improved mechanical properties were achieved by introducing a small volume fraction of dispersed Cr2Nb 
precipitates (f < 0.5 %) in a microstructure. The structural characteristics and the phase composition of as-cast 
and as-drawn samples were investigated and the effect of processing on the distribution of precipitations was 
evaluated. The ultimate tensile strength, elongation, and micro-hardness of wires at room temperature were 
tested.   
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Figure 1 The phase diagram for binary Cr-Nb system [8]  

2. EXPERIMENTAL 

The Cu-0.4Cr-0.1Nb (wt.%) alloy was prepared using the induction furnace SecoWarwick S/A under the 
protective atmosphere of argon and it was cast into the graphite mold of a diameter of 50 mm and length of 
300 mm. As the input materials, copper blocks (99.99 wt.%) and chromium chips (99.5 wt.%) were used. The 
niobium was used in the form of 85Nb-15Cu (wt.%) master alloy that was produced by a plasma metallurgy 
with using similar conditions as described in the article [9,10]. The melting range of this alloy was determined 
by means of a direct thermal analysis technique, which is described in more detail in [11]. The sample was 
completely melted in the temperature interval of 1790-1890 °C, which was substantially lower in comparison 
with a melting point of pure niobium. This master alloy was machined and the chips were used as an input 
material.  

The ingot of Cu-Cr-Nb alloy was surface machined in order to remove the oxidation layer and surface defects. 
This ingot was then formed into a cylindrical rod of 30 mm in diameter by a cold rotary swaging. The wires of 
0.5 and 0.3 mm in diameter were obtained by cold drawing through the hard metal drawing bench dies. The 
conditions of the drawing process are the know-how of the company CAMEX, s.r.o. and cannot be published.  

The structural properties and phase chemical composition of the samples were evaluated using scanning 
electron microscope JSM-7600F equipped with a WDS spectrometer INCA and the high-resolution field 
emission gun-scanning electron microscope QUANTA 450 FEG equipped with an energy dispersive X-ray 
analyzer APOLLO X. The structure was also observed by the GX51 inverted metallographic microscope 
equipped with digital camera DP12. The oxygen content in as-cast and as-drawn samples was determined by 
the inert gas fusion method using ELTRA ONH 2000 analyzer. The results of the chemical analysis are given 
as the mean values from three measurements. The micro-hardness of samples at a loading of 200 g for 5 s 
was measured by means of the FM-100 hardness tester. The multifunction electro-mechanical equipment 
Zwick/Roell Z150 was used for the realization of tensile testing of wires. The strain rate was 2 mm/min. 
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3. RESULTS AND DISCUSSION 

3.1. Microstructural characteristics and phase chemical analysis 

The two-phase microstructure of Nb-Cu master alloy is documented in Figure 2. These elements have a 
minimal mutual solubility in solid state and their structure consists of (Nb)-dendrites with an interdendritic (Cu) 
phase - see Table 1. The structure of Cu-Cr-Nb alloy in as-cast, as-swaged and as-drawn state are 
documented in Figure 3. The microstructure of as-cast alloy consisted of the coarse grains of Cu-matrix in 
a cross section. In the as-swaged sample, the deformation bands were visible inside the elongated grains. The 
microstructure of wires in longitudinal section exhibited small grains elongated in the drawing direction when 
the final recovery process was not realized.  

     

Figure 2 The two-phase microstructure of Nb-Cu master alloy 

   

Figure 3 The structure of Cu-Cr-Nb alloy in as-cast (a), as-swaged (b) and as-drawn state (c) 

The chemical composition of the Nb-Cu master alloy and the cast Cu-Cr-Nb alloy is summarized in Table 1, 
which correspond with the required composition of these alloys. The oxygen content in this alloy was 16 ppm. 
The SEM micrographs in Figure 4 revealed the presence of very fine (1-3 µm) and quite uniformly dispersed 
Cr2Nb precipitates (as dark phase) with nearly stoichiometric composition (see Table 1) in the copper matrix. 
Because of the very small size of these precipitates, it was difficult to accurately ascertain their chemical 
composition by SEM-EDX.  

a) b) c) 
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Table 1 Chemical analysis of the Nb-Cu master alloy, as-cast Cu-Cr-Nb alloy and Cr2Nb precipitates 

Sample 
Cr Nb Cu 

Note 
(wt.%) (at.%) (wt.%) (at.%) (wt.%) (at.%) 

Nb-Cu master alloy (area)   85.0 79.5 15.0 20.5 

EDX (Nb)-dendrites   97.5 96.3 2.5 3.7 

Inter-dendritic (Cu)-phase   1.5 1.0 98.5 99.0 

As-cast Cu-Cr-Nb alloy (area) 0.39 0.48 0.09 0.06 99.52 99.47 WDX 

Cr-Nb precipitate 
23.9   29.9 23.3 16.3 52.8   53.9 EDX 

Cr:Nb = 1.8 (at.%)  

The fine precipitates were also investigated using X-ray maps, where chromium and niobium content was 
confirmed - see Figure 5. It can be seen in Figure 6 that the forming processes caused an uneven distribution 
of precipitates in wires and some were ordered to a line. Their size was different from the initial state when the 
average value decreased below 1 µm. The content of oxygen in the wires increased to 220 ppm. 

  

Figure 4 Fine Cr2Nb precipitates (as dark phase) in the copper matrix 

   

Figure 5 X-ray maps of chromium and niobium in Cr2Nb precipitate and Cu-matrix 

Cr Nb 
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Figure 6 Ordering of precipitates in the wire with a diameter of 0.5 mm (a) and an uneven distribution of 

precipitates in the wire with a diameter of 0.3 mm (b) 

3.2. Mechanical properties 

Tensile tests were conducted to determine the ultimate tensile strength (UTS), yield strength (YS) and total 
elongation (A) of wires with the diameter of 0.5 and 0.3 mm, respectively. Generally, the greater cross-sectional 
area reduction formed during the cold drawing led to the narrowing of the spread between UTS and YS. The 
stress-strain curves of wires containing the small Cr2Nb precipitates obtained for the given strain rate are 
documented as examples in Figure 7. As shown, the curves did not exhibit the yield strength point. The wires 
mostly did not evince the plastic deformation up to the rupture corresponding to the tensile strength. It means 
that the yield strength of wires is coincident with their ultimate tensile strength.  

   

Figure 7 Stress-strain curves of wire with the diameter of 0.5 mm (a) and 0.3 mm;  
strain rate = 2 mm/min 

Caused a slight increase in UTS, while the total elongation was decreased by approx. 30 %. These values are 
consistent with the specified minimum requirements for the tensile mechanical properties of this alloy. It can 
be also seen from Table 2 that the micro-hardness of wires without the final recovery process was about two 
times higher in comparison of the as-cast alloy. 
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Table 2 Ultimate tensile strength, total elongation, and micro-hardness of Cu-Cr-Nb alloy in as-cast,  
    as-swaged and as-drawn state 

Sample 
UTS A HVm0.2 

(MPa) (%) ( - ) 

As-cast alloy - - 54.7 ± 2.4 

Wire - 0.5 mm 293 27 90.3 ± 1.5 

Wire - 0.3 mm 329 18 118.6 ± 3.4 

4. CONCLUSION 

The Cu-0.4Cr-0.1Nb alloy was prepared by means of the innovative liquid metallurgical route. This included 
the preparation of 85Nb-15Cu master alloy by plasma melting, which has a substantially lower melting range 
than the pure niobium and was used as the alloying component. The Cu-Cr-Nb alloy was then cold rotary 
swaged and drawn into a form of wires with a diameter of 0.5 and 0.3 mm, respectively. The small-sized Cr2Nb 
precipitates were observed in the microstructure of as-cast alloy. Their distribution was changed after the cold 
rotary swaging and drawing when the precipitates were dispersed unevenly and some were arranged in a line. 
The results of a tensile test of wires demonstrated that their yield strength was coincident with the ultimate 
tensile strength. The wires mostly did not evince the plastic deformation to the rupture corresponding to the 
ultimate tensile strength. The values of mechanical properties are, however, consistent with the specified 
minimum requirements for the tensile mechanical properties of this alloy used in a nuclear technology. 
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Abstract 

Microstructures, properties and technical parameters of the welds carried out by the electron beam welding 
(EBW) process have been investigated in the present paper. Electron beam welding (EBW) is a fusion joining 
process particularly suitable for the welding titanium. Electron Beam welding is a natural choice for use with 
materials susceptible to oxidation such as titanium because the EB welding process must occur in a vacuum. 
During research a two-pass welding technique was developed. In paper there was investigated the electron 
beam welded joint made of titanium alloy. The weld qualification was carried out by mechanical properties and 
microstructure evaluations were carried out to ensure the joint integrity. Microhardness measurements of the 
weld where taken using Matsuzawa Vickers MX 100 type with applied load 100 g (0.98 N). Light microscopy 
Nikon Eclipse MA200 was used for examination of the microstructure and determination of the size of the 
specific joint zones. 

Keywords: Microwelding, electron beam welding, surface engineering microstructure, microhardness 

1. INTRODUCTION 

The progress observed in the field of materials engineering, surface engineering forces improved quality of the 
welded joints, superficial layer properties is accompanied by increase of the manufacturing processes. The 
machining of produced elements, for example, in the aerospace industry is an extremely important. The above 
requirements require the use of many advanced manufacturing techniques belongs to the non-conventional 
group of machining methods such as electrochemical machining (ECM), abrasive water jet cutting (AWJ) laser 
welding and cutting, abrasive flow machining (AFM), electrical discharge machining (EDM) [1] or 
nonconventional welding processes [2-4]. There are many methods of surface improving processes some of 
them belong to the group conventional machining: grinding, mechanical polishing, suprefinishing [5, 6]. With 
progress of titanium industries, many welding methods such as gas tungsten arc welding (TIG), beam welding, 
resistance welding and diffusion welding have been developed.   

The paper is focused on EBW welding effects as a "non-conventional" machining methods of titanium alloys, 
having wide application in aerospace and energy industry. The aim of research is to study the effects of EBW 
welding on titanium alloys. 

In the article the welding technology, the structures and properties were analysed for titanium sheets. Needless 
to say that titanium is a unique material, which requires special attention in all the areas of processing, 
especially in welding. Titanium and its alloys are available in various ranges of high specific strengths and are 
considered as one of the best engineering material for industrial application [7-9]. The excellent combination 
of properties such as moderately high specific strength, high fatigue life, toughness, excellent resistance to 
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corrosion and low density makes them attractive for aerospace applications. Titanium alloys are easy to absorb 
harmful atmospheric gases such as oxygen, hydrogen and nitrogen, because of their high chemical activity. 
However it influences on lower mechanical properties and causes appearance of unstable structures [10, 11]. 
While TIG is well known and often used welding method, the laser beam welding (LBW), pulse microwelding, 
EDM and EDS (alloying) technics are considered as a new welding technologies, characterized by its high 
energy density and welding speed [12-16]. In turn, using high vacuum electron beam welding (EBW-HV) could 
protect joints from gaseous contamination. The welding experiments of titanium sheet with 0.5 mm thickness 
were tested by using the above methods. Titanium exists in two allotropic phases, α phase and β phase. The 
HCP structured α is stable up to 882 °C and transforms to BCC β thereafter. Ti6Al4V, which is a α-β titanium 
alloy, is currently the mainly-used titanium alloy of aerospace industry due to is high strength and good 
capability of being shaped and formed [7]. It contains about 6 wt.% Al for α stabilization and 4 wt.% V for β 
stabilization. The α-β alloy gives a possibility of varying mechanical and physical properties by controlling the 
micro-structural development during thermo-mechanical processing. The higher content of interstitial gasses 
(oxygen and nitrogen) gives slightly higher strength but lower ductility and toughness. At the same time lesser 
content of gasses would improve ductility, fracture toughness and influence positively on stress corrosion and 
crack growth resistance. The alloy that contains low interstitial elements is so called Extra Low Interstitial grade 
(ELI) [8]. The welding technology of titanium is complicated because in molten stage (at temperatures above 
1668 °C) it reacts easily with atmospheric gases causing its embrittlement. Also poor preparation and cleaning 
of the joint along with impurities in the shielding gas could cause contamination [9-11]. That’s why joining 
titanium alloys require special precautions to avoid contamination of the fusion and heat affected zone (HAZ) 
of the joint. Fusion welding of titanium is performed mainly in inert gas shield, with high energy beam. Electron 
beam welding (EBW) method is highly suited for joining titanium and it’s considered as pure one. The process 
is carried out inside the high vacuum chamber for it shields hot metal from contamination. Comparing to arc 
welding processes the joint depth (using EBW method) is achieved with high beam power density and with 
lower heat input [3]. The Authors focused their studies on the Ti6Al4V alloy, because of its use in the aviation, 
aerospace, nuclear engineering, civil and chemical industries [17-22]. Forged Ti-6Al-4V popularity increases 
due to industry-important properties, such as: slow cycle fatigue strength and crack propagation resistance. 
Ti6Al4V based wrought products (forged, extruded, as cast, or rolled materials) are widely used as structural 
and engine parts in aircrafts, in life-limit parts for civil aviation engines [18, 19] and fractured critical parts for 
military engine, such as disks. Current research has confirmed that the mechanical properties of titanium alloys 
joined by bulk titanium were comparable to those of EBW [23, 24], which was primarily attributed to the 
characteristic microstructure formed during fast cooling and rapid solidification processes [14, 25, 26]. The 
mechanical properties of thick weldments, along the thickness direction, vary significantly due to the 
heterogeneity in microstructure, and were affected the geometry of the actual joints by some welding 
parameters [27, 28]. Methods for controlling the microstructure and the geometry design are considered to be 
important factors for achieving high performance thick weldments [29-31]. 

2. EQUIPMENT AND MATERIAL 

2.1. The weld microstructure 

All welding experiments were performed using TECHMETA NC model pulsed electron beam welding machine. 
The degree of vacuum in EBW was 10-4 Pa, and the weld parameters of the electron beam are: current - 
40 mA, voltage 40 kV. The welded samples were sectioned into metallographic specimens. These 
metallographic samples with a diameter of 30 mm were prepared using conventional metallographic 
procedures used for titanium alloys. For structures of the joints illustration, metallographic microscope Nikon 
Eclipse MA200 with the NIS 4.20 image analysis system was used. The joints samples preparation process 
included cutting across the weld and mounting in resin. After proper polishing and etching using 4% HF the 
weld structure was observed on Figures 1 and 2.  
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a)     b)  

Figure 1 Macrophotography of weld structure 

a)   

b)  c)  

Figure 2 Microphotography of weld structure a) BMZ; b) HAZ c) WZ  

2.2. Microhardness of joints 

Microhardness tests were carried out by using a Vickers indenter, with an applied load of 0.98 N for 15 s. For 
investigation there was used Matsuzawa Vickers microhardness MX 100 type, with applied load 0.98 N. The 
tests were conducted in the heat affected zone, base material and weld.  

3. RESULTS AND DISCUSSION 

The joints welded by EBW method were smooth, bright sliver with small deformation. Although during the 
welding process the precautions were carried out, the back of welded joints would also be oxygenated because 
the samples were thin and easy to deform. The microstructures of the welded joints were observed using SEM 
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JEOL JSM 7100F microscope The SEM examination of the EBW joints samples showed full-penetration of 
obtained structures with no observed pores and no defects. The surfaces of the welded joints have typical 
casting structures composed of similar grains size in the centre and the dendritic grains in the outside of welded 
seam. Figure 3 shows the EBW welded joint surface SEM photographs and distributions of elements obtained 
by EDS method.  

 

Figure 3 The structure of WZ by EBW methods and EDS 

The welded joint is described by: the weld zone (WZ), heat affected zone (HAZ) and base metal zone (BMZ). 
The WZ is thin, the joint lines on both sides of the weld are almost parallel and the HAZ is very narrow. The 
welded joint showed the typical characteristic of high aspect ratio, which was characteristic for high energy 
density of the electron beam welding (EBW). Figures 1 a) and 1 b) is a low-magnification optical micrograph 
showing a cross-section of Ti6Al4V plate. The microstructure of the base metal zone was studied by optical 
metallographic observation, as shown in Figure 2. It can be seen from Figure 2 c) that the microstructure of 
base metal zone consists of two phases (α, β). For accurate visualization of transformations, XRD testing is 
required. The microstructure of weld zone (WZ) is shown in Figure 2 c). The weld zone formed a great deal 
of dispersed acicular martensite α′ phase. The microstructure of the heat affected zone was between the 
microstructure of base metal zone and the microstructure of weld zone. The microstructure of the base material 
consisted of same-size grains within a grain boundary network of the β phase, the latter being small in amount 
on account of the low manganese content in the alloy [10]. The fusion zone (FZ) of EBW was rather narrow, 
2-4 mm width. The development of microstructure from the base metal to fusion zone was obvious. The Figure 
2 c) shows that the fusion zone microstructure was composed of columnar grains oriented perpendicular to 
the direction of the radial fusion border. An area of 200 μm between the base metal and the fusion zone could 
be considered as the heat affected zone (HAZ). While weld heat input was increased, the sizes of grains in 
the fusion zone varied from equiaxed morphology to columnar grain. This dissimilarity could be affected by the 
difference in temperature gradients and solidification rates at different weld heat inputs. The chemical 
composition profiles for Ti, V, Al, Fe elements were examined by SEM from the weld to heat affected zone 
(Figure 3). As shown in Figure 3 b), the elements Ti, Al and V, Fe, which are the presumed components of 
FZ and HAZ, have been identified. A microhardness of the welded joint condition was measured using 
Matsuzawa Vickers MX 100 type with applied load 0.98 N. The fusion zone microhardness (407 µHV) 
increased highly relative to the base metal microhardness of 391 µHV. The hardening of the weld zone with 
peaking at its centre may be caused by difficulty of slip. At the same time middle welding heat input had not 
caused heavy grain coarsening, the microhardness distribution was relatively even.  

4. CONCLUSION 

On the basis of observations and analyzes it can be presumed that the microstructure of the WZ is the 
martensitic phase α'. The HAZ consists of a fine-grained and coarse-grained zone; the microstructure of the 
fine-grained zone was the original phase α + phase β + equivalent phase α, and the microstructure of the 

10 μm 
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coarse zone was the original phase α + α' phase. The microstructure of the base metal zone consisted 
essentially of a long tape and primary α phase and a small amount of the remaining phase of β.  

Studies have shown that the welding EBW is an effective method of joining titanium alloy. The metallographic 
observations, and microhardness measurements shows: 

 the proper microstructure connection was obtained with the correct power parameters. 
 no cracks were found in the area of the weld and heat affected zones. 
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Abstract   

The purpose of this study is to compare the dissimilar joints of pure titanium to stainless steel achieved by 
different intermediate materials like aluminum, copper and nickel. Due to the metallurgical incompatibility 
between those base materials, it has been very difficult to produce reliable joints due to the formation of FeTi 
and Fe2Ti intermetallic compounds. The purpose of using the intermediate material is to reduce and even block 
the diffusion between titanium and stainless steel. The thickness of those filler metals were 100 μm. The 
microstructure of the joints were investigated using scanning electron microscopy equipped with an energy 
dispersive X-ray system (EDS) to determine chemical composition of joint. The maximum values of tensile 
strengths were obtained for samples prepared using copper as a interlayer. The highest impact energy was 
achieved for joints performed using aluminum as a filler metal. SEM characterization of the fracture surfaces 
of the joints shows that the character of fractures are brittle for the samples achieved by copper, nickel and 
quasi brittle for the specimen prepared using aluminum. The galvanic corrosion test was carried out in a 3.5 
% NaCl solution. The potentiodynamic polarization curves show that the higher corrosion potential as well as 
a lower corrosion current were registered for the joints performed by nickel. 

Keywords: Corrosion, mechanical properties, diffusion bonding, titanium, stainless steel 

1. INTRODUCTION 

Titanium and its alloys have received great attention in nuclear and chemical industry owing to its high strength 
to weight ratio and excellent corrosion resistance [1, 2]. Because of it properties, titanium (Ti) is the most 
suitable material in reactor reprocessing plants for fabricating components like dissolver and evaporator, where 
high concentration of nitric acid and high temperatures are involved [3, 4]. Because other components of 
reprocessing plants and dissolver are made of 304L stainless steel (SS), there is an obvious requirement to 
join Ti with SS, as well as economic reasons owing to the high cost of titanium [5]. Traditional fusion welding 
of dissimilar materials results in different problems like distortion of components, formation of stress 
concentration sites, development of chemical heterogeneities and a number of intermetallic phases that are 
formed in the weld pool. In addition, titanium and its alloys are chemically reactive. They are very difficult to 
weld, because they can easily pick up nitrogen and oxygen from the atmosphere [6, 7]. Hence, solid state 
diffusion bonding process is recommended for materials with extremely different physical and mechanical 
properties [8]. The use of appropriate intermediate materials can also inhibit diffusion of undesired elements 
[9]. Existing literature and previous attempts showed that to successfully joint titanium with stainless steel is 
necessary to use of appropriate intermediate materials. Aluminum can be considered as a useful interlayer 
due to the lowering of bonding parameters for solid state diffusion bonding and aluminum has certain erosion 
resistance and excellent plasticity [10, 11]. Pure nickel and nickel alloys can be used as a filler material 
between titanium and stainless steel due to satisfactory corrosion resistance for application at high temperature 
[12, 13]. Among these materials copper is the most useful metal because it does not form any intermetallic 
phases with iron (as does aluminum and nickel) [14, 15]. Eroglu et al. [16] reported that Cu-Ti base intermetallic 
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phases have higher plasticity than the Fe-Ti base intermetallics. However when dissimilar materials are joined, 
particular attention should be paid to the potential corrosion issues arising from the galvanic couple. Galvanic 
corrosion is an electrochemical process resulting in accelerated and preferential corrosion of one of the metals. 
Dissimilar materials have different electrochemical potentials, this difference provides the thermodynamic 
driving force for the onset of galvanic corrosion [17-20]. Since investigated joints are composed of different 
materials and different structures, a clear estimation of the corrosion resistance of those joints are becoming 
an essential criterion in evaluating the performance of the joints. The present investigation reports the influence 
of different intermediate materials as a filler metal on the microstructure, tensile strength, impact energy and 
corrosion resistance of titanium-stainless steel joints bonded by Al, Cu and Ni interlayer. 

2. EXPERIMENTAL PROCEDURE 

The base materials used for the dissimilar joints were commercially pure titanium (Grade 2) and stainless steel 
(X5CrNi18-10), both received in the form of square rods having 10 x 10 mm width and 2000 mm length, and 
filler metal foils of 100 μm thickness. The nominal chemical composition at room temperature of these materials 
is given in Table 1. 

Table 1 Chemical compositions and mechanical properties of the base materials (accordingly to certificates) 

Material Titanium 
 (Grade 2) 

Stainless steel 
(X5CrNi 18-10) 

Aluminum  
(Al 99.5) 

Copper    
(Cu 99.99) 

Nickel  
(Ni 99.6) 

Chemical 
composition  

(wt.%) 

Ti 99.654; 
Fe: 0.171; 
C: 0.024; 
N: 0.008; 
O: 0.142; 
H: 0.001 

Fe: 71.495; C: 
0.025; Mn: 1.460; 

Si: 0.390; P: 0.038; 
S: 0.012; Cr: 

18.150; Ni: 8.050; 
Mo: 0.380 

Al: 99.53; Fe: 
0.21; Si: 0.16; Zn: 
0.05; Cu: 0.03; Ti: 

0.02 

Cu: 99.99, 
approximately 

0.001 of: Fe; Ni; 
Zn; Sn; Pb; Sb; 

As; S; 

Ni: 99.57; Cu: 0.11; 
Co: 0.09; Si: 0.08; Mg: 
0.07; Fe: 0.07; Al: 0.01 

Specimens of 10 and 27.5 mm length were machined from the titanium and stainless steel rods. The square 
profile with 10 x 10 mm width was excised from the Al, Cu and Ni foils. The faces of the specimens were 
prepared by conventional grinding and polishing techniques and final polishing was made with 0.5 μm alumina 
suspension and colloidal silica with a grain size of 0.05 μm. All specimens were then cleaned in water and 
dried rapidly in air. The mating surfaces of the samples were kept in contact with steel clamp and inserted in 
a vacuum chamber. The bonding pressure of 2 MPa along the longitudinal direction was applied at room 
temperature. Diffusion bonding was carried out in a vacuum furnace Czylok PRC 77/1150. The bonding 
temperature for the samples with aluminum interlayer was 600 and 900 °C for specimens achieved using 
copper and also with nickel interlayer. The holding time for all samples was 60 minutes. Vacuum in the furnace 
was at the level of 10-3 Pa. The samples were cooled with the furnace. The specimens for metallographic 
examination were cut out longitudinally and their surfaces were prepared by conventional techniques, using 
sandpapers of 180 to 1200 grit, alumina suspension with a grain size of 0.5 μm and colloidal silica with a grain 
size of 0.05 μm. The polished surfaces of the brazed couples were also examined in a scanning electron 
microscope (SEM) JEOL JMS-5400 to obtain finer structural details in the diffusion zone. The composition of 
the reaction layers was determined in atomic percent using Oxford Instruments ISIS energy dispersive X-ray 
spectrometer (EDS) attached to the SEM. The results of the EDS analysis were compared with the binary and 
ternary phase diagrams of basic components. The tensile strengths of the boned joints was evaluated at room 
temperature using a LabTest 5.20SP1 testing machine at a crosshead speed of 10 mm/min. The samples of 
dimensions 10 x 10 x 55 mm were used for the impact tests. The tests were carried out on an VEB impact-
testing machine with a maximum working capacity of 15 J. For each mechanical test, five samples of each 
material variant were prepared. Fracture surfaces of the samples were observed in a scanning electron 
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microscope (SEM) JEOL JSM 7100F using energy dispersive X-ray spectrometer (EDS) to reveal the nature 
of failure under loading. The corrosion properties of the specimens were investigated using a CHI 1130A (CH 
Instruments Inc., Austin, Texas) electrochemical analyzer. The potentiodynamic polarization measurements 
were conducted at room temperature in a conventional three-electrode cell with the AgCl/Ag electrode as the 
reference electrode, the platinum wire as the counter electrode and the specimen as the working electrode. 
The specimens in the form of discs rotated with a speed of 12 revolutions / s. The potentiodynamic polarization 
measurements were performed in an applied potential range from -1.0 to 0.25 V with a scan rate of 3 mV/s. 
The tests were carried out in a 3.5 % NaCl solution. Prior to the tests, the specimens were immersed in a 3.5 
% NaCl solution for 1000 s to obtain a stable open circuit potential. 

3. RESULTS AND DISCUSSION 

The results of the microstructure investigations of the joints demonstrated significant diffusion changes and 
relatively wide diffusion zones on the boundaries with joined metals. The structures of the joints varied 
importantly depending on the interlayer (Figure 1).  

   

  
Figure 1 SEM images of diffusion bonded joint by a) Al, b) Ni, c) Cu (Ti-side), d) Cu (SS-side) 

As shown in the works [10,12,14], the phases present in copper joints were intermetallics: CuTi2, CuTi, Cu4Ti3, 
FeTi, Fe2Ti and solid solutions based on intermetallic phases or substrate metals. The intermetallic layers 
Ti2Ni, TiNi, TiNi3 were observed at the titanium side in the diffusion boned joints achieved by nickel filler metal. 
The presence of a solid solution γFe+Ni between nickel and stainless steel was also observed. Using aluminum 
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as a filler metal results in formation intermetallic layer TiAl2 at the titanium aluminum side of the diffusion joints. 
At the stainless steel aluminum interface were formed two layers of Fe2Al5 and FeAl3 intermetallic phases. Due 
to high migration of copper in the temperature range of 850 to 1000 C the diffusion of chemical species is 
easy through interlayer. Therefore titanium can migrate to the stainless steel side and iron can also migrate to 
the titanium side. Hence, the copper interlayer of 0.1 mm thickness cannot prevent the formation of brittle Fe-
Ti base intermetallic phases, what can be achieved by using aluminum and nickel interlayers. The tensile 
strength of the diffusion bonded joints achieved by different intermediate materials is given in the Table 2.  

Table 2 The tensile strength of the diffusion bonded joints 

Filler metal  Al Cu Ni 

UTS (MPa) 131 343 247 

The maximum tensile strength of 343 MPa was obtained for the diffusion bonded joints performed by using 
the copper foil. The bonding strength decreased with use of aluminum and nickel foil as a filler material between 
titanium and stainless steel. This can be caused by remaining pure metal from aluminum and nickel foil in the 
middle of the joint. The lowest tensile strength of 131 MPa was obtained for samples joined using aluminum. 
The results of the impact test of dissimilar joints of titanium and stainless steel with different metal foils are 
given in Table 3. 

Table 3 The impact test of the diffusion bonded joints 

Filler metal  Al Cu Ni 

Impact energy (J) 0.35 0.30 0.15 

The highest value of impact energy (0.35 J) was observed for samples obtained by aluminum interlayer. 
Probably this was due to unreacted aluminum in the middle section of the investigated joint, because aluminum 
has the highest plasticity between used materials. The minimum impact energy of 0.15 J was obtained for the 
diffusion bonded joints performed by using nickel foil due to the appearance of the Kirkendall voids at the Ti-
Ni interface. The fracture surfaces of the specimens processed by Al, Cu and Ni foil are shown in Figure 2. 
The bright area of Al joint (Figure 2a) was comprised of 76.09 at.% Al and 18.24 at.% Fe with small amounts 
of Cr (4.66 at.%) and Ni (1.01 at.%) and the dark shaded area consists of 72.94 at.% Al and 19.91 at.% Fe 
with small amounts of Cr (5.62 at.%) and Ni (1.53 at.%).The composition indicated the presence of FeAl3 and 
Fe2Al5 intermetallic phase. For joints processed by Cu foil (Figure 2b), the fracture was comprised of 54.38 
at.% Cu and 45.62 at.% Ti. According to the Ti-Cu binary phase diagram it is likely a CuTi intermetallic phase. 
Both the shaded matrix and the bright line of diffusion bonded joint achieved by Ni (Figure 2c) were comprised 
of 66.80 at.% Ti and 33.20 at.% Ni. It seems to be Ti2Ni.  

The fracture surfaces of the specimens processed by Al foil were quasi brittle. The character of fractures was 
brittle for the samples achieved by copper and nickel. Potentiodynamic polarization curves for the boned 
samples prepared by the Al, Cu and Ni fillers are shown in Figure 3. The values of corrosion potential were 
determined to be -0.618, -0.409, -0.383 V for the samples boned with the Al, Cu and Ni fillers, respectively. 
The corrosion currents were estimated to be as follow: for joints with Al 0.10788 mA/cm2, with Cu 0.01105 
mA/cm2 and with Ni 0.01057 mA / cm2. The joints boned with copper as well with the nickel have shown very 
similar behavior in terms of the corrosion potential, and dissolution current density. 
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Figure 2 Fracture surfaces of the brazed joints processed by a) Al, b) Cu and c) Ni foils 

 
Figure 3 Polarization curves recorded in 3.5 % NaCl solution for diffusion bonded joints 

The highest corrosion potential as well as the lowest corrosion current was observed for the sample boned by 
the nickel interlayer, according to the literature studies [17-20] such a result indicates that this joint has the 
highest corrosion resistance among investigates diffusion boned joints. However, Lee et al. [17, 18] reported 
that Ag and alloy fillers have higher resistance to corrosion. 
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4. CONCLUSIONS 

The use of appropriate intermediate material in diffusion bonded joint between titanium and stainless steel is 
critical factor to control the microstructure as also mechanical properties of the joint. As the investigation show, 
the phases present in joints were intermetallics and solid solutions based on intermetallic phases or substrate 
metals. The aluminum and nickel interlayer of 100 μm thickness effectively blocked the diffusion of titanium to 
stainless steel side, thus prevented from formation of Fe-Ti intermetallic phases on the boundaries of joined 
materials. Copper have not managed to do so, however it obtained maximum tensile strength of 343 MPa and 
achieved second best result in impact test (0.30 J). The fracture surfaces of the joints show that the character 
of fractures are brittle for the samples achieved by copper, nickel and quasi brittle for the specimen prepared 
by aluminum. The corrosion test show that the nickel as a interlayer is the most appropriate metal among 
tested materials for joining titanium with stainless steel in corrosive environment. However, joints boned with 
copper have shown very similar behavior to the nickel in terms of the corrosion potential, and dissolution 
current density. This shows that copper also can be successfully used in corrosive environment. According to 
the results of present investigation copper seems to be the most appropriate material as filler metal to join 
titanium with stainless steel.  
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Abstract 

Ion implantation and plasma technologies have been proved to be useful techniques to control structure and 
surface properties of titanium-based materials. In this work the different properties such as microstructure, 
phase and element composition, microhardness and their influence on the biocompatibility of Ti-based 
coatings (pure Ti, nitride, oxide, oxynitride) produced by metal plasma immersion ion implantation and 
deposition (MePIIID) were investigated. The phase composition and correspondingly surface properties of the 
layers were strongly dependent on the partial pressure of the working gases (oxygen and/or nitrogen) in the 
vacuum chamber. Very homogenous deposition of the stoichiometric hydroxyapatite in simulated body fluid 
(SBF) on Ti-based layers, produced with MePIIID technology have been found for the Ti oxynitride coating 
with average atomic composition TiN0.4O1.6, consisting mainly of amorphous Ti oxide with nitrogen substitution.  

Keywords: Titanium oxynitride, metal plasma immersion ion implantation, phase formation, simulated body  
         fluid, hydroxyapatite 

1. INTRODUCTION 

The biocompatibility of metals is mainly determined by their surface properties. For medical materials in contact 
with human body it is important to maximize the tendency of their surface to adsorb anorganic (hydroxyapatite: 
HA - Ca10(PO4)6(OH)2, the main mineral component of bones), organic (proteins) and living (cells) parts of 
surrounding milieu to increase long-term stability of the artificial implants. To improve the biocompatibility of 
such implants, i.e. to ensure a stable connection between implant and mineralized bone, HA-coating is a 
promising treatment using methods like elektrochemical deposition, ion plating, plasma spraying, different 
modes of sputtering, biomimetic deposition in the simulated body fluid (SBF) etc (see, for example [1]). 
However, long time experiments reveal problems with the adhesion of the coating due to mostly large HA-
layer thickness. Ion beam and plasma-based techniques as ion implantation (II), ion beam assisted deposition 
(IBAD) or plasma immersion ion implantation (PIII) have a large potential to improve the adhesion and the 
quality of surface layers. These technologies allow to modify the boundary layer of the base metal, to create 
gradient transition to the HA-layer and to optimize in this way the properties of biocompatible layers. 
Stimulation of HA-layer growth on titanium surface after calcium and phosphorus beam-line II and improvement 
of the properties of calcium phosphate layers after subsequent soaking in SBF has been already demonstrated 
in our experiments [2]. One promising method is the combination of deposition and ion implantation in the form 
of metal plasma immersion ion implantation and deposition (MePIIID) [3]. A major advantage of the MePIIID 
compared to the conventional II is the possibility of fast treatment of the complete products with complex, three-
dimensional shape, which makes this technique very interesting for industrial application. 
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The aim of the present study was to investigate the relation between structure and biocompatibility in form of 
the biomineralization of the Ti-based layers (pure Ti, TiN, TiO2, TiNxOy, Ca-implanted TiNxOy) deposited by 
MePIIID technique for a possible use as biocompatible coatings. 

2. EXPERIMENTAL 

2.1. Sample preparation 

Ti-based layers were deposited by metal plasma immersion ion implantation and deposition (MePIIID) on the 
thermally oxidized monocrystalline Si (100) surfaces with RMS roughness below 0.6 nm. The schematic 
diagram of the MePIIID equipment and a detailed description of this method are presented elsewhere [3]. 
Briefly, MePIIID is a combination of metal deposition and plasma immersion ion implantation (PIII) using a 
metal plasma produced by cathodic arc evaporation. In our work Ti and Ca cathodes (diameter 72 mm) were 
used. The ions from the plasma are accelerated to the substrate by applying a negative bias voltage (-2.5 kV) 
to the substrate, allowing combined deposition and implantation. By supplying oxygen into the vacuum 
chamber near the substrate (working pressure ~10-1 Pa), Ti oxide and, by additionally supplying nitrogen, Ti 
oxynitride were formed at sample temperatures < 225 °C. Applying different partial pressures of O2 and N2 as 
presented in Table 1, four basic types of Ti-based coatings with various phase composition - pure Ti, titanium 
nitride TiN, titanium oxide TiO2 and titanium oxynitride TiNxOy (sample description: TiNOX) were produced. 
After MePIIID of titanium, selected TiNOX samples were modified additionally by MePIIID of calcium (sample 
description: TiNOX-Ca).  

2.2. Materials characterization 

X-ray diffraction (XRD) measurements were carried out with a step scan diffractometer with a thin film 
attachment in grazing incidence geometry (ω = 1°) using Cu Kα radiation. The depth distribution of the 
elements in the deposited layer was studied by Auger electron spectroscopy (AES), using a Microlab 310F 
system (FISONS, UK) in combination with sputter etching by 3 keV Ar+ ions directed at 48° with respect to the 
surface normal (current density about 1-2 µA/mm2). The sample rotates around the surface normal during 
sputtering. The surface roughness of the deposited layers was measured by atomic force microscopy (AFM), 
using a Bioscope machine (Digital Instruments, USA) in tapping mode with a scan area of 5 × 5 μm2. The 
roughness Sz reported below is the difference between the average of the highest five and deepest five points 
in the area.  

The microhardness measurements of the deposited layers were carried out using an ultra-microhardness 
tester DUH-202 (Shimadzu, Japan) and a Vickers indenter with a tip angle of 136°. The maximum load was 
chosen as 10 mN. Ten indentations were performed on each surface layer tested.  

2.3. Biomineralization tests 

A part of the plasma treated samples was soaked in simulated body fluid (SBF-composition as described in 
[4]) over 28 days at a temperature of 37 °C (additional sample description: -HA). Prior to performing the 
mineralization experiments, all samples were ultrasonically cleaned successively in acetone, ethanol and 
water for 10 min each. The prepared SBF was filtered through a sterile vented filter unit (SterivexTM-GP, 
Millipore Co., Bedford, MA), consisting of a polyether sulfone membrane with a pore size of 0.22 mm located 
on a clean bench, to eliminate any dust particles and bacteria. Subsequently, the samples were taken out, 
gently washed with double distilled water and dried at room temperature. In all biomineralization tests the 
monocrystalline Si (100) was used as a reference. Morphology and element composition of the formed layers 
after soaking in SBF were studied using a high resolution scanning electron microscope (SEM) type DSM 982 
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GEMINI (Carl Zeiss, Germany) coupled with an energy dispersive spectrometer (EDS X-ray detector Pioneer 
(Noran)). 

3. RESULTS AND DISCUSSION 

3.1. Structure, phase composition and properties of the deposited layers 

Microstructure and phase composition of the formed layers can be influenced in a controlled way by adjusting 
the deposition parameters. This offers the possibility for a systematic investigation of the correlation between 
biocompatibility and structure of the surface layers. The review of the selected parameters and the resulting 
characteristics of the obtained structures is presented in Table 1.  

Table 1 Preparation conditions, structure and properties of Ti-based layers 

Material 

Relation of the 
partial 

pressures 
p(O2)/p(N2) 

Subsequent 
treatment 

Crystalline 
phases (XRD) 

Average 
atomic 

composition 
(AES) 

Structure 
Rough-
ness Sz 

(nm) 

Microhard-
ness HV 
(GPa) 

Ti - (without gas 
flow) - α-Ti (hcp) Ti Titanium 20.8 5.11 

TiN N2 only - TiN (fcc) TiN TiN 22.6 18.12 

TiO2 O2 only - Rutile (tetr.) + 
anatase (tetr.) TiO2 TiO2 (rutile + 

anatase) 26.2 10.92 

TiNOX 1/1 - TiN (fcc) + 
TiO (fcc) TiN0.4O1.6 

TiN +TiO + TiO2 
(amorphous) 34.8 22.89 

TiNOX+
Ca 1/1 Ca+ (MePIIID) TiN (fcc) + 

TiO (fcc) 
TiN0.4O1.6 

(Ca) 
TiN + TiO + CaO + 
TiO2 (amorphous) 39.3 23.37 

The phases observed were strongly dependent on the relation of the gases’ partial pressures forming the 
ambient. Without gas flow, crystalline film composed of the α-Ti phase with a hexagonal close packed (hcp) 
lattice was formed. For the nitrogen flow without oxygen, the XRD patterns (not shown) were typical for titanium 
nitride TiN with a face centred cubic (fcc) lattice. When using similar partial pressures for nitrogen and oxygen, 
broad diffraction peaks were observed, which can be interpreted as phase mixture of titanium nitride TiN and 
titanium oxide TiO, both with a fcc lattice. Enhanced oxygen flow leads to the beginning of the formation of 
rutile and anatase modifications of titanium oxide TiO2 at the substrate surface, both with a tetragonal lattice. 

The thickness of all produced layers measured by AES was about 1 µm. The average atomic composition in 
the coatings is presented in Table 1. The surface layer of the Ti-based sample obtained without gas flow was 
characterized by a very thin air-formed oxide film, about 7 nm in thickness. For pure N2 flow the atomic 
concentration of N in the layer was close to stoichiometric TiN. For equal partial pressure of N2 and O2 the 
atomic concentration of O exceeded clearly the N and Ti concentration and was close to stoichiometric TiO2. 
Because the XRD patterns do not show the additional peaks of Ti oxide phases at this partial pressure, the 
main component of this layer is an amorphous TiO2 phase [5]. At pure O2 as the working gas, according to the 
XRD results a crystalline mixture dominated by rutile with a contamination of anatase was formed. Anatase 
arose in the beginning of the deposition directly on the substrate surface as proved by XRD measurements 
with different incident angle. 

The roughness of the prepared layers varied in a range of 20 nm to 40 nm with the highest roughness 
determined for the Ca-implanted TiN0.4O1.6 and the lowest roughness measured for the Ti surface (Table 1). 
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The AFM pictures (not shown) also indicate relatively large crystalline structures for the coating with the highest 
roughness. The other coatings appear denser with smaller single crystals. The roughness of all Ti-based layers 
is relatively low and their values are nearly equal, so that an effect of the surface roughness on 
biomineralization seems to be unimportant in this case. 

The surface microhardness measured on Ti-based layers deposited with different partial pressures of N2 and 
O2 is presented in Table 1. As expected the lowest microhardness had Ti-coating The highest hardness 
showed the layer TiN0.4O1.6 with more complicate phase composition. The microhardness of other coatings 
was in between. 

3.2. Biomineralization of the deposited thin films 

After soaking in SBF, small, roundish HA precipitates were observed on separate surface areas of the 
unmodified monocrystalline Si reference samples (Figure 1a). 

a 

 

b 
Figure 1 SEM investigation of the surfaces after soaking in SBF: a) small HA precipitates on the reference 

surface (monocrystalline Si); b) HA on the Ca-modified TiNOX -surface  

But the MePIIID stimulated direct HA formation on the modified Ti-based surfaces in SBF. As the SEM 
investigations showed, all deposited layers were covered relatively uniformly and densely with HA. In the 
direction of improving the quality of the HA layer formed in SBF, the modified surfaces were in the following 
order: TiN → TiO2 → Ti → TiNOX. 

Among Ti-based layers the TiNOX structure proved to be particularly bioactive. Therefore, this structure was 
additionally treated by Ca plasma after the Ti-MePIIID in the same process in order to generate even more 
growth nuclei for HA. The typical morphology of HA on the Ca-modified TiNOX surface is shown in Figure 1b. 
HA has a branched structure which is well bound to the substrate, what could be very useful for artificial 
implants in the human body.  

For all samples, the element composition and Ca/P ratio in the surface layer formed after soaking in SBF was 
determinated by EDX analysis. The EDX spectra were measured in two regions (particle, ground) as well as 
in the whole scanned area (survey) (Figure 2a).  

As shown in the EDX spectra (Figure 2b), in the ground of all investigated layers were detected the chemical 
elements from the substrate (Ti, O, Si) and from the SBF solution (C, Mg). The main difference between as 
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the unmodified well as Ca plasma modified TiNOX samples (Figure 2b) compared with other titanium-based 
samples (pure Ti, TiO2, TiN) is that Ca and P were also detected in the ground. This means that HA covered 
the whole surface and was connected to the substrate. 

a) b) 

Figure 2 EDX investigation of the Ca-modified TiNOX surface after soaking in SBF: a) HA-particle (EDX 1) 
and the ground (EDX 2) of the scanned surface (survey); b) corresponding EDX-spektra 

In Table 2 are presented the results of the ratio Ca/P measured by EDX analysis for pure Ti, as well as for 
unmodified and Ca plasma modified TiNOX layers.  

Table 2 Ca/P ratio on tested Ti-based layers after soaking in SBF 

Sample Ground Survey Particle 

Ti → 0 1.51 1.65 

TiN → 0 1.38 1.61 

TiO2 → 0 1.43 1.63 

TiNOX 1.52 1.72 1.64 

TiNOX+Ca 2.39 1.82 1.90 

As shown in Table 2, Ca/P ratio for pure Ti, TiN and TiO2 (ground) is close to zero, which means that these Ti-
based surfaces have not been homogeneously mineralized as a difference from the TiNOX layer. Ca/P ratio 
of the particles after soaking in SBF corresponds almost to the stoichiometric value for HA (1.67). A slight 
surplus of this value for the Ca-modified TiNOx layer is due to the excess of Ca in the surface because of the 
additional Ca-MePIIID.  

Thus, the maximal intensity of Ca and P measured by the EDX method in the HA particles deposited from SBF 
as well as the presence of Ca and P in the ground of the layer confirm the improved biomineralization of the 
TiNOX structure in comparison with other Ti-based films.  

4. CONCLUSION 

Metal plasma immersion ion implantation and deposition (MePIIID) is an effective method for modifying the 
structure, composition and properties of titanium-based layers. The desired surface properties can be adjusted 
exactly by varying the deposition parameters during the MePIIID process. The biocompatibility of titanium 
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(titanium oxide) can be improved by incorporation of nitrogen into the surface layer. This is confirmed by very 
homogenous deposition of the stoichiometric hydroxyapatite in SBF on N-containing titanium oxide layers 
(TiNOX), produced with MePIIID technology, and improved formation of HA in SBF on TiN0.4O1.6 layer with 
additional Ca-MePIIID. In general, the good mechanical properties and biocompatibility of titanium oxynitride 
TiN0.4O1.6 without any toxic and expensive elements make this Ti-based layer interesting candidate for long-
term studies in vivo. Next experiments with regard to the interaction of by MePIIID modified surfaces with 
human cells are currently being carried out.  
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Abstract 

AA 6101 wire alloy has been used in the electric transmission lines in company of the cable industries of Biskra 
(Algeria) for several years. In this work, the AA 6101 alloy was subjected to recrystallization annealing 
treatment at 400 °C and holding for 30 min, to see the effects of this treatment on the mechanical and electrical 
properties of drawn Al-Mg-Si wire. The recrystallization annealing treatment leads to the microstructural 
changes of the textured form, which causes the softening of the wire, that is to say an increasing of ductility. 
On the other hand, this heat treatment accelerates the recrystallization mechanism, accompanied by a 
softening of the wires and a reduction in the electrical resistivity. Characterization methods used in this work 
were: Electron back scattered diffraction (EBSD), X-Ray diffraction analysis (XRD), Vickers microhardness, 
tensile test, measuring electrical resistivity, scanning electron microscope (SEM) and energy diffraction 
spectrometer (EDS). 

Keywords: AA6101 wire alloy, recrystallization, mechanical and electrical properties 

1. INTRODUCTION 

Aluminum today is the leading non-ferrous metal in use, especially in the sectors of transport, beverage 
containers, packaging, and electrical and aeronautics sectors.  

Al-Mg-Si alloys (6xxx-series alloys) are structural hardening alloys. They have interesting general properties 
with a good ability to hot deformation by rolling and cold drawing, which facilitates their shaping.  

Wire drawing is a metalworking process used to reduce the cross-section of a wire by pulling the wire through 
a single, or series of drawing. It mainly uses the plastic deformation for the reduction of the wire. 

A cold deformation of this kind causes the work hardening. This work-hardening depends on the chemical 
composition of the material, deformation level and the deformation conditions (temperature, speed and 
deformation mode). In fact, the cold plastic deformation causes a significant increase in the dislocation density 
(i.e. stored elastic energy) in the material. The work-hardening lengthens the grains in the direction of traction, 
which results in giving the properties of the material an anisotropic character [1]. 

When the limit of the work-hardening is reached, it is necessary to perform an annealing heat treatment which 
restores mechanical and electrical properties of the wire. On the micrographic structure plane, the 
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recrystallization annealing results in the transformation of the cold (fibrous) structure into a recrystallized 
structure. This explains the decrease in the total number of crystalline defects in the material.  

The scope of this work is to investigate the microstructural evolution and electrical properties of AA 6101 wire 
during recrystallization annealing treatment by using the electron back scattered diffraction (EBSD), X-ray 
diffraction analysis (XRD), Vickers microhardness, tensile test, measuring electrical resistivity, scanning 
electron microscope (SEM) and energy diffraction spectrometer (EDS). 

2. EXPERIMENTAL METHODS 

The Al-Mg-Si alloy was provided by the company MIDAL CABLES (BAHRAIN), in the form of wire coils from 
initial diameter of 9.5 mm with three different level of deformation (ε1 = 21.3 %, ε2 = 69 % and ε3 = 86.8 %). The 
chemical composition of the investigated alloy is given in Table 1.  

Table 1 Chemical composition (wt.%) of studied material aluminum alloy (6101 Series)  

Al (97.34) 
Mg Si Cu Fe Pb V Zn 

1.34 0.51 0.27 0.21 0.20 0.05 0.08 

3. RESULT AND DISCUSSION 

3.1.  Characterization by (SEM / EDS) in non-annealed drawing 

The chemical composition of the as received wire (Figure 1) and the strongly drawn wire (Figure 2) was 
carried out by EDS. The main elements are presented in Table 1. The Al-Mg-Si aluminum samples show a 
microstructure of elongated grains along the drawing wire axis, depending on the deformation level, the wire 
acquires a fibrous textured microstructure [2] (Figure 2).  

       

Figure 1 SEM/EDS analysis of as received wire ε = 0 % (USTHB Alger) 

A difference in the amount of chemical elements such as Si and Mg were observed. On the other hand, at the 
level of the grain boundary, a distribution of small elongated black collector sizes was observed in the direction 
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of drawing. Analysis by EDX showed that the percentage of vanadium is greater than that of the other two 
chemical elements (Mg and Si).  

A difference in the amount of chemical elements such as Si and Mg is observed in the two cases of drawn wire 
at ε = 86.8 % and as received wire ε = 0 %. Moreover, a distribution of small elongated black collector sizes 
randomly dispersed within the grains was observed in the direction of drawing. Analysis by EDS showed that 
the percentage of vanadium is greater than that of the other two chemical elements (Mg and Si). This is 
probably due to the formation of AlVMg phase [3]. 

 

Figure 2 SEM/EDS analysis of drawn wire at ε = 86.8 % (USTHB Alger) 

3.2. Tensile test and electrical resistivity  

The electrical resistance measurements were performed by a four-point probe method, using a rig designed 
and made in our laboratory. The applied current was reversed (30 HZ) in order to eliminate uncertainty in 
measuring the voltage drop across the sample due to drift of the zero point. The current amplitude was kept 
low (10-20 mA) to inhibit the sample heating during the measurement period. Five Vickers hardness 
measurements were taken and averaged for each of the samples.  

Results of tensile test, hardness measurements and Vickers hardness are presented in Figure 3. 

From Figures 3a and 3b, we can deduce that the elongation of the non-annealed drawing wire decreases and 
the mechanical resistance increases when the reduction rate increases compared to the as received wire [4]. 
This phenomenon is due to the increase in dislocation density during plastic deformation by drawing. 

For an extruded drawn wire and annealed at 400 °C for 30 min we note a significant reduction in the tensile 
strength compared to the non-annealed drawing wire with an increase in elongation. This is due to the softening 
effect of the temperature, which tends to reduce internal dislocation density and residual stresses.   

From the results shown in Figure 3d, it will be noted that the resistivity measurements show an increase in 
the resistivity of the non-annealed drawn wires with the deformation level. The annealing of the electrical wires 
at temperature 400 °C accelerates the recrystallization mechanism, accompanied by a softening of the wires 
and a reduction in the electrical resistivity. 
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Figure 3 Results of tensile tests and electrical resistivity of as received (ε1 = 0 %) and drawn wires (ε1 = 
21.3 %, ε2 = 69 % and ε3 = 86.8 %) in non-annealed and annealed state determined by ENICAB Company  

of Biskra 

3.3. Analysis by XRD patterns 

X-ray diffraction analysis (XRD) gives us information on the evolution of the structure, the variation of certain 
crystallographic quantities. Figure 4 shows the X-ray diffraction spectrum of drawn wire (deformation  
ε = 86.8%) in the non-annealed state and after annealing at 400 °C for 30 min  

The Al-Mg-Si alloys (6xxx) are hardened by the metastable phase β'' (Mg5Si6) [5]. β '' was a coherent 
strengthening phase, which was in the form of needles coherent precipitate growing along a <100> direction 
of the Al matrix [6]. The structure of β'' phase was identified as monoclinic [7, 8] with lattice constants of a = 
0.77 nm, b = 0.67 nm and c = 0.405 nm. 
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Figure 4 XRD pattern of AGS drawn wire at ε = 86.8 %. (Non-annealed and annealed 30 min) 

In the case of the sample deformed at ε = 86.8% a new peak was observed at the position of about  
2θ = 29.66°. This recorded peak corresponds to Mg4Si6 precipitates (based on ASTM files), which explains the 
presence of intermetallic monoclinic crystalline system whose mesh parameters [a = 1.516 nm, b = 0.405 nm 
and c = 0.674 nm] in a solid solution of aluminum. We observe the displacement of the peaks towards the 
small angles. The intensity of the peaks during annealing is observed. The increase of the peak intensity during 
annealing was observed. That is, the elementary mesh of the crystal lattice of the material was affected. 

4. CONCLUSION 

In the annealing heat treatment and holding for 30 minuts, the recrystallization process abruptly reduced the 
breaking load (Rm), the microhardness (HV) and the electrical resistivity (ρ). 

From the X-ray diffraction results, the increase in the intensity of the peaks and shifts of the peaks towards the 
small angles during annealing was observed. This recrystallization eliminated structural defects such as the 
intermetallic compound element Mg4Si6. 
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Abstract 

In the field of powder metallurgy, the characteristics of metal powders are necessary for designing 
technological processes within transport, handling and storage. This paper is focused on the study of three 
metal powders, CrCNiCr, NiCrBSi, WCCoCr, which are used for the HVOF (High Velocity Oxy-Fuel) 
technology of high-speed thermal spraying. This technology is used by the company SERVIS ARMATUR in 
their own production programme. The company SERVIS ARMATUR cooperates with the Bulk Solid Centre, 
VSB - Technical University of Ostrava, in the field of metal powders characterization. Each of the three samples 
was subjected to detailed analysis. The analysis included a measurement of mechanical and physical 
properties such as particle shape, particle size distribution, the angle of internal friction, compressibility and 
aeration. Some recommendations for production were determined based on the results of physical-mechanical 
tests. Improvement was achieved primarily in storage, handling and dosage to the diffuser. 

Keywords: Metal powders, powder metallurgy, mechanical and physical properties 

1. INTRODUCTION 

Metal powders are typical materials for technologies used in powder metallurgy in various forms. The basic 
advantages of powder metallurgy include a wide range of applications in the production of new metal materials 
or in the development of new powder mixtures for the surface treatment of machine parts [1]. Most industrial 
enterprises are forced to constantly reduce the production costs of their products due to an expanding 
competitive environment. One of the possible austerity measures in the field of powder metallurgy, namely in 
the manufacture of metallic machine parts, is through application of surface treatment of functional surfaces 
occurring on the manufactured metal components. Areas of manufactured parts which are not subject to wear 
or increased stress in their use may be made of lower grade materials. In this way, the production costs of the 
final products can be reduced. One of the most advanced technologies in surface treatment in the form of hot 
coating is the HVOF (High Velocity Oxy-Fuel) method. This technology is used by the company SERVIS 
ARMATUR [2] in their own production programme. HVOF technology uses a mixture of oxygen and kerosene 
as a source of thermal energy. Oxygen and kerosene are axially impregnated into the combustion chamber 
where atomization and the sparking of spark plugs occur. Combustion products are then accelerated in a 
convergent divergence nozzle up to supersonic values(Mach 1-2). The combustion chamber's pressure is 
monitored to ensure stable burning conditions and process reproducibility. With the aid of the nitrogen carrier 
gas, the metal powdered material is fed radially from opposite sides into the so-called diffuser, where it melts 
and, via the nozzle, it is accelerated significantly towards the coated part. The thickness of the coating generally 
ranges from 0.2 to 1 mm. A more detailed description of the technology can be found in the professional 
literature, e.g. [2,3,4]. The basic principle of HVOF technology and its practical application is shown in 
(Figure 1), which shows: 1-Inlet of metal powder to the diffuser, 2-Kerosene inlet, 3-Oxygen inlet, 4-Spray 
coating, 5-Base material (machine component), and 6-Spark plug.  
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Figure 1 Basic principle of HVOF technology and its practical application [2] 

The company SERVIS ARMATUR cooperates with the Bulk Solid Centre, VSB - Technical University of 
Ostrava, in the field of metal powders characterization. This paper is focused on the characteristics of three 
metal powders, CrCNiCr, NiCrBSi, WCCoCr, which are used for high-speed thermal spraying HVOF (High 
Velocity Oxy-Fuel) technology. As already mentioned, metallic powders are conveyed from the local reservoir 
to the diffuser by the nitrogen carrier gas. In the diffuser, they are subsequently melted and applied to the 
machine parts. The mechanical and physical properties of metal powders are especially important for 
understanding the material systems, which are the subject of extensive research, especially in the process of 
engineering powders and loose materials. Each of the three samples has specific mechanical and physical 
properties that affect their storage processes and transport to the diffuser itself. Based on a detailed analysis 
of each metal powder, it is possible to systematically change and adjust the ideal transport and storage 
systems for a given application [5, 6]. 

2. EXPERIMENTS AND METHODS 

a. Materials 

CrCNiCr metallic powder coatings are used in corrosive environments with high temperatures and the effects 
of abrasive wear; for example, valve stems, ball valves, hydraulic piston rods, furnace cylinders, as well as a 
general replacement for chrome plating. The second NiCrBSi metallic powder is used in cavitational and 
erosive environments; for example, pumps, piston rods, piston rings, forging industry, plungers, etc. The third 
material to be analysed is WCCoCr, which resists sliding, erosive, abrasive and adhesive wear; for example, 
slide valves, ball valves, hydraulic cylinders, compressor shafts, etc. The analysis included a measurement of 
mechanical and physical properties, such as particle shape, particle size distribution, the angle of internal 
friction, compressibility and aeration.  

Particle size distribution 

Particle size distribution of the individual samples was measured with the laser analyser CILAS 1190, where 
coherent light 830 nm wavelengths from a low-power laser diode passed through a cell containing the metal 
powder dispersed in water or in air, and is scattered by that medium. The results were interpreted based on 
Fraunhofer's theory.  

Angle of internal friction 

The angle of internal friction of the individual powders was measured on a FT4 pulse rheometer which allows 
the measuring of energy flow in relation to many variable consolidated shear properties or unconsolidated 
powders, bulk properties, compressibility, and aeration. The rotary shear modulus for measuring friction 
parameters consists of a container containing sample powder and a shear head, which causes normal and 
shear stresses. The shear head blades are dipped into the powder and the front of the head begins to exert a 
normal strain on the surface of the powder bed. The shear head moves downwards until there is a sufficient 
and stable pressure between the head and the powder layer. Subsequently, the shear head begins to slowly 
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rotate and thus causes shear stress inside the bulk mass. The cutting plane is formed just beneath the blade 
edge. Since the powder bed prevents the shear head from rotating, the shear stress in the measuring plane 
increases until a slip occurs. Then, the maximum value of the transmitted shear stress [7] is recorded [7]. 

Compressibility 

Compressibility is a measure of how density varies as a function of applied normal stress. For powders, this 
bulk property is influenced by many factors, such as particle size distribution, cohesiveness, particle stiffness, 
particle shape, and particle surface structure. It is not a measurement of fluid flow, yet it relates to many 
process environments such as storage in containers or behaviour during cylinder compaction. In general, 
cohesive powders consisting of a particle size of less than 30 microns are most compressible, while granulated 
powders are least compressible. Compressibility results are important for compaction in powder metallurgy 
[8]. 

Aeration 

In the aeration test, air is fed to the bottom of the FT4 measuring cell and it aerates the whole bulk material 
(sample) column. The dependence of the powder’s flow properties on the amount of air is examined by 
measuring the decreasing flow energy. The aeration result is characterized by the Aeration Ratio, which is 
given by Equation 1 [7, 9]. 

 
 NvelocityAirFlowEnergy

velocityAirFlowEnergyRatioAeration
_

0_
   

   
mJ
mJ       (1) 

3. RESULTS AND DISCUSSION 

Particle size distribution was determined by the laser diffraction method for the three metal powders examined: 
CrCNiCr, NiCrBSi, and WCCoCr, see (Figure 2). Particle size distribution results show that the individual 
metallic powders range from 10 μm to 100 μm in the medium-fine range. For samples of CrCNiCr and 
WCCoCr, the average particle size is about 35 μm. The average particle size of the NiCrBSi sample is around 
54 µm. 

 

Figure 2 Particle size distribution of CrCNiCr, NiCrBSi, and WCCoCr powders 

Figure 3 shows SEM photographs of individual samples showing the unique shape of the individual particles 
contained in the mixture. The NiCrBSi sample particles are of a shape most like the ideal sphere. The SEM 
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photographs also show the heterogeneous porosity of the particle surfaces. The surface area of the CrCNiCr 
and WCCoCr samples shows relatively high porosity. In contrast, the NiCrBSi sample surface shows an almost 
smooth surface structure. 

 CrCNiCr NiCrBSi WCCoCr 

SE
M

 

    

Figure 3 SEM images of CrCNiCr, NiCrBSi, WCCoCr powder particles 

Within the angle of internal friction measurement, the effective values of this quantity were determined. The 
angle of internal friction is greatly influenced by the surface porosity of the metal powder particles. A higher 
value of the angle of internal friction of 31.7° was obtained for the CrCNiCr sample. For the NiCrBSi sample, 
the angle of 23.1° was measured, and for the WCCoCr sample the angle of 24.6°. In the measured values of 
the internal friction angle, the varied surface porosity of the individual samples is evident, as can be seen from 
Figure 3. Figure 4 shows the waveform of the normal and shear stresses, on which the resulting values of the 
effective angles of internal friction are based. 

 

Figure 4 Angle of internal friction comparison at 15 kPa 

Particle size distribution, cohesiveness, stiffness, particle shape and particle surface structure are dominant 
properties that affect the compressibility of powders [10]. Compressibility at 15 kPa maximum stress was 
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almost identical for the CrCNiCr and NiCrBSi samples, approximately 3.8 %. The WCCoCr sample showed 
higher compressibility, almost 5 %. In general, all of these metallic powders exhibit low compressibility at low 
normal stress. The compressibility waveform for the individual samples in relation to normal stress is shown in 
Figure 5. 

 
Figure 5 Compressibility 0.5 - 15 kPa of CrCNiCr, NiCrBSi, and WCCoCr powders 

Figure 6 shows the patterns of the aeration test on the individual samples at different rates entering the air 
into the measured space. The measured Aeration Ratio (AR) for the CrCNiCr sample at 10 mm/s at the air 
flow rate was 80.5, for NiCrBSi it was 67.9, and for WCCoCr 60.9. All of these measured values fall into the 
category of powder materials that are very sensitive to aeration and can easily be brought into fluid form. 

 
 

Figure 6 Aeration test at 0 - 10 mm/s of CrCNiCr, NiCrBSi, and WCCoCr  

All measured mechanical and physical properties of the metallic powders are summarized in Table 1. 
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Table 1 Summarized results of the properties of CrCNiCr, NiCrBSi, WCCoCr powders 

Sample CrCNiCr NiCrBSi WCCoCr 

 x10 (μm) 21.13 38.29 21.14 

 x50 (μm) 33.59 51.60 34.45 

 x90 (μm) 49.94 72.20 49.54 

Mean diameter (μm) 34.71 53.64 34.70 

Angle of internal friction (°) 31.7 23.1 24.6 

Compressibility at 15 kPa (%) 3.80 3.73 4.90 

Aeration ratio (Air flow rate: 10 mm/s) 80.5 67.9 60.9 

4. CONCLUSION 

The measured mechanical and physical properties of the three metallic powders express the detailed 
information needed for the optimal design of storage and handling technology. Within the measured 
experiments, different surface porosity of the particles, which influences the discharge processes from the 
storage devices, was found in the individual samples. The surface area of the CrCNiCr and WCCoCr samples 
showed relatively high compression. In contrast, the NiCrBSi sample's surface shows an almost smooth 
surface structure. The CrCNiCr sample, with probably the highest surface porosity, exhibited the highest value 
with an angle of internal friction of 31.7°. The magnitude of the angle of internal friction affects the amount of 
loss of work when transporting and manipulating metal powders. The particle size for all samples was 
measured in the range of 10 μm to 100 μm. All metal powders exhibit relatively low compressibility. Surprising 
results were found in the aeration test, in which the aeration ration was measured well above the value of 
materials with high sensitivity to aeration. These materials can very easily enter the fluid state. This result 
shows it can be advantageous to use gaseous media when designing or optimizing transport and storage 
devices for the studied metal powders. In conclusion, the characteristics of metal powder parameters are very 
important for the design and optimization of technological processes in the field of powder metallurgy.  
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Abstract  

The paper deals with the aluminum honeycomb that is very successfully used as applications in the transport 
industry and engineering production. Based upon its ability to absorb the large amount of energy, aluminum 
honeycomb has also found its utilization as the kinetic energy absorber. At low weight it has quite high 
compressive resistance and bending stiffness. The focus of this paper was to determine material behavior at 
impact loading and that is why the whole experiment was carried out on the special device (drop weight tester 
- drop tower), which makes possible to define magnitude of impact rate on the testing sample. As an observed 
factor there was magnitude of force and strain arising from the impact test. Based upon these values is possible 
to determine magnitude of absorbed energy by the honeycomb sample. Tests were performed by means of 
the visual analysis on the particular samples and by the quantitatively expression of measured data as graphs. 

Keywords: Aluminum honeycomb, impact test, strain, drop tower, energy 

1. INTRODUCTION  

Honeycomb panels utilize the sandwich structure which is created from the different types of simple or 
compound materials having different characters. Honeycomb structures are derived from their similarity with 
the hexagonal structure of the true honeycomb and have found their utilization in many branches. Core has a 
double-side shell to improve strength and mainly to keep the required shape. Because of that, there are used 
mainly aluminum sheets or composite materials from cloths and resins. Connection of the core and shell is 
done by the adhesives. High bonded strength is achieved by utilization of the epoxy adhesives. At joints of 
lower strength, polyurethane basis adhesives are used. Individual adhesives are used acc. to demands on the 
product cost and joint strength. Aluminum honeycombs have a high ratio of strength and weight which fulfills 
the technical demands set on the modern materials. Aluminum honeycombs reveal quite high compressive 
resistance in the given direction and quite high bending stiffness under the low weight. 

All-aluminum honeycomb sandwiches are designed mainly to be used as structural elements for demanding 
applications at transport aircrafts design - e.g. for floor, flaps, walls, doors and so on. They are also used at 
production some parts for the rail and road car-body vehicles. They have already found their utilization in the 
machinery production as supporting structural elements of tools and jigs. Regarding their ability to absorb a 
great amount of energy, they are also used as kinetic energy absorbers. Another application possibility for the 
aluminum honeycomb can be found also in the non-contact vented exteriors of houses, due to their excellent 
mechanical, acoustic and thermal-insulating properties [1, 3]. 

Own experiment was performed on the drop tower Instron Ceast 9300 (Figure 1). Such device is designed for 
the high-speed testing of materials. As a great advantage there is precise determination of impact velocity and 
energy arising just from the definition of impact cross-bar weight and its height before releasing. For the high 
impact velocities it is possible to use pre-loaded springs. There wasn´t necessary to use these springs for 
analyzes of tested aluminum honeycomb, acceleration of impactor just by gravity was enough. Impactor had 
a shape of wedge. Because of description honeycomb deformation behavior at dynamic loading, there were 
used different impact velocities (namely 1, 1.5, 2 and 3 m∙s-1). 
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2. METHODOLOGICAL BASES AND EXPERIMENTAL PART 

To define material behavior at impact conditions, it is in many cases very important to carry out such tests 
under the higher velocities. Material behavior at dynamic loading is totally different in comparison to its 
behavior under low and uniform velocities. That is why there are used sophisticated devices (termed as drop 
towers) which make possible to release the cross-section beam with weight from the different heights. Based 
upon the mass and chosen height of beam, it is possible to determine the impact velocity (thus also the energy 
acting on the tested material). Principle of this method is based on gravity. However, if there´s need to apply 
much higher velocities, compressive springs are used. Springs are compressed (pre-loaded) and when they 
are unloaded, their energy is transferred onto beam which is accelerated against tested material. Maximal 
impact velocity achieves up to 25÷30 m∙s-1. Device can be used for a wide range of tests due to its possibility 
to precisely define impact velocity and energy. Moreover, by utilization of different jigs there can be tested 
samples in many loading directions - e.g. tensile, compressive, shear or their combination [2].  

            

Figure 1 Drop tower (left) and testing samples (right) 

Experiment was carried out with the aluminum honeycombs, where the core was produced by the stretching 
method. Double-sided shell was made from the aluminum sheet of thickness 1 mm that was bonded by the 
adhesive on the polyurethane basis. Own testing samples for the impact test were cut by band-saw on the 
sizes as 120x72-T20 (Figure 1). Sample width (20 mm) arises from the size of the impactor which has width 
of 25 mm and is necessary that this width (25 mm) is higher than the sample´s width. During the preparation 
of sample, there was very important not to deform walls of aluminum hexagonal core. Own cut in the direction 
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of testing sample length was lead thought the center of hexagon, thereby to prevent deformation of these 
hexagonal walls and thus not to influence results of test.  

2.1. Determination of force and deformation 

The following sections show the images of the test specimens after the test for two impact velocities. To the 
right of the image, force F (Y-axis) is plotted on the magnitude of the deformation (X-axis). Differences for each 
deformation vary considerably for each impact velocity, so the scale on the X axis is changed to offer a more 
detailed view (see Figures 2 and 3). 

                 

Figure 2 Test specimen after impact velocity 1 m∙s-1 and record of measured force magnitudes in 
dependence on the deformation 

Figure 2 shows a test specimen after impact velocity of impactor 1 m∙s-1. There was a bending of the upper 
aluminum sheet and a slight deformation of the honeycomb core. In the upper part there is visible debonding 
of sheet from the core in the outer zones. The lower part remained free both of deformation and bonded joint 
failure. The impactor penetrated into a specimen approx. by the depth of 6 mm. 

               

Figure 3 Test specimen after impact velocity 3 m∙s-1 and record of measured force magnitudes in 
dependence on the deformation 

Figure 3 shows a test specimen after impact velocity of impactor 3 m∙s-1. There was a significant bending of 
the upper aluminum sheet and its pressing into the sample. The honeycomb core is most distorted in the 
impact force axis, but there is already a large deformation in the entire part except the outermost area. The 
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structure is completely collapsed. There isn´t almost any debonding of sheet from the core. Small debonding 
can be observed in the outermost area. The lower sheet isn´t almost deflected. The impactor penetrated into 
a specimen approx. by the depth of 57 mm. 

2.2. Amount of absorbed energy (energy absorbed by the honeycomb specimen) 

Very important quatity at honeycomb parts analysis is magnitude of the absorbed energy. Courses of curves 
which show magnitude of energy for the given deformation have found their utilization mainly at parts which 
are in practice used as deforamtion elements (absorbers). From the graph displayed in Figure 4 is evident 
that the highest absorption of energy was for impact velocity 3 m∙s-1. There is obvious deviation from the other 
curves in the case of curve for impact velocity 2 m∙s-1. Such deviation means lower absorbed energy at the 
same deformation, which can be caused by failure of bonded joint between sheet and core. If there is 
debonding of sheet, deformation will not occur in the hexagonal structure. Thus it doesn´t restrain the impactor 
in the motion into the material. There is different loading of the honeycomb core during the test. The upper 
sheet is bended during the first impact and subsequently there is compression of core in combination with 
shear loading caused by the bonded joint between sheet and core. As a result, combination of all loading types 
determines the final magnitude of absorbed energy.  

 
Figure 4 Magnitude of absorbed energy vs. deformation for impact velocities: 1, 1.5, 2 and 3 m∙s-1 

Regarding the previously mentioned conclusions, as the greatest issue there is always influence of the used 
adhesive, thereby strength of honeycomb core and shell (aluminum sheets). In Figure 5 is shown the major 
influence of adhesive bonded joint on the honeycomb sample final behavior at impact velocity 3 m∙s-1. 

Figure 5 (left) shows quite good bonding between sheet and core. Thus sheet is pressed into the material and 
due to such good cohesion, the whole honeycomb structure participates on the total deformation process (so 
it means that great amount of honeycomb sample is used to absorb impact energy). 

. 
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Figure 5 (right) shows a poor bonded joint, causing deformation only at the center of the honeycomb core and 
the outermost area are almost undeformed. The upper sheet is at the beginning of the deformation broke away 
along the whole contact plane and subsequently is only pressed into the material without any serving as the 
energy carrier for the entire specimen. 

             
Figure 5 Testing specimens after test at impact velocity 3 m∙s-1 

The difference among absorbed energies is evident from the graph in Figure 6 which shows the energy 
dependence on the magnitude of deformation under the same impact velocity. The difference is only in the 
strength of the adhesive bonded joint between the upper sheet and the honeycomb core. For 10 mm 
deformation are values of energy nearly the same. With increasing deformation, the energy difference varies 
considerably in favor of the bonded sheet. For deformation of 55 mm, the difference in energy is 12 J, i.e. the 
difference is about one third. 

 

Figure 6 Magnitude of absorbed energy in dependence on deformation at impact velocity 3 m∙s-1 
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In light of energy, the curved for debonded sheet is situated lower, but in the area of deformation it achieves 
higher values than sheet which was still bonded to the core. Due to the debonding of the upper sheet, impactor 
could easily penetrate into material and the resistance of the hexagonal blocks can’t fully prevent in its passing 
through it. The distance of the penetration depth from the specimen´s surface is 57 mm for the bonded sheet 
and 64 mm for the debonded sheet. 

3. CONCLUSION 

The described experiment was carried out on the honeycomb samples where aluminum core had a shape of 
regular hexagon and double-sided aluminum sheets of thickness 1 mm. Complete honeycomb sample had 
height of 72 mm. From such “block” there were prepared samples of sizes 120x20 mm by means of the band-
saw. Proper preparation of samples is quite complicated, because the own cut has to be perform without any 
deformation of honeycomb core hexagonal walls. If there was such failure of wall, final behavior of sample 
would not be relevant, because of their early collapse. Own tests were performed on the drop tower Instron 
Ceast 9300 under the impact velocities of impactor as follows: 1, 1.5, 2 and 3 m∙s-1.  

At first, results can be evaluated directly in the visual point of view. It means directly from images where were 
obvious magnitudes and directions of honeycomb samples deformations. As another quantity for evaluation, 
there were a force, deformation and energy values recorded during the test. After plotting these values into 
graphs, there are transparent and predicative information about honeycomb behavior at impact loading. It is 
possible to state that the higher impact velocity, the higher deformation of testing sample. Magnitude of 
absorbed energy depends on the honeycomb sample cohesion - mainly of the bonded joint between sheet 
and core. In this paper were parts bonded by the adhesive on the polyurethane basis and that is why the final 
joint didn´t achieve strength that is typical of e.g. epoxy adhesives.  

There were monitored two cases under the impact velocity of impactor 3 m∙s-1. The first situation occurred 
when the upper aluminum sheet was still bonded to the honeycomb core and the second one happened when 
there was debonding of such sheet. From comparison of these two cases both in light of visual and quantitative 
(magnitude of deformation and energy) is evident that in all directions revealed better values sample with the 
bonded upper sheet. The reason can be found in reality that only total deformation of the whole sample can 
restrain the deep penetration of the impactor into material. Maximal total energy which was absorbed by the 
testing sample was 34.7 J. Such energy was absorbed under impact velocity 3 m∙s-1 and there wasn´t any 
debonding of upper sheet.  
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Abstract 

Titanium alloys such as Ti-6Al-4V are applied in production of structural parts mainly in aircraft and automotive 
industry, mostly due to favorable relationships between density and mechanical properties as well as good 
corrosion and crack resistance. Nowadays the most common process of plastic deformation of this material at 
the industry is hot forging. In search of cost reduction, powder metallurgy method is very promising, because 
of potential benefits like more precise control of process parameters. In this respect, determining the 
parameters of thermo-mechanical processing is crucial due to low formability of Ti-6Al-4V alloy. This paper 
presents the results of the physical modeling of hot forging of cast and P/M Ti-6Al-4V alloy. Both types of the 
billets were subjected to hot compression tests using the Bähr MDS 830 thermo-mechanical simulator, under 
various thermal and strain-rate conditions. The microstructures of the samples manufactured by casting and 
machined from the compacts were observed and compared after deformation. Moreover, the results of the 
hardness measurements shown the relationships between the conditions of hot deformation and strengthening 
of the materials. In the result of the investigations, the favorable combinations of thermo-mechanical 
parameters of Ti-6Al-4V alloy processing were determined.  

Keywords: Physical modeling, Ti-6Al-4V alloy, hot forging, microstructure, properties 

1. INTRODUCTION 

Ti-6Al-4V alloy is one of the most widely used titanium alloy especially due to attractive mechanical properties 
and low density [1]. This alloy is applied for responsible structural parts in such areas as aircraft industry, 
automotive, military and chemical industry. Another very important application can be found in medical industry 
due to good corrosion resistance and biocompatibility of such alloy [1-5]. In the case of manufacturing products 
from this alloy with application of metal forming technologies, the most common technique is hot forging. For 
proper design of this process very important is knowledge of the relationships between parameters of hot 
forming and the microstructure, what determines the mechanical and physical properties of final products [6, 
7]. Hence, manufacturing structural parts from Ti-6Al-4V alloy demands strictly defined parameters of thermo-
mechanical processing such as hot forging [1, 8]. In this respect, powder metallurgy method can be promising, 
because of benefits such as more precise control of deformation process and cost reductions comparing to 
conventional method like casting [9]. Changing the thermo-mechanical parameters such as temperature or 
strain-rate influences both mechanical properties and microstructure of Ti-6Al-4V alloy. This work discusses 
the most advantageous combination of thermo-mechanical conditions for processing Ti-6Al-4V alloy obtained 
by powder metallurgy method and casting.                     

2. EXPERIMENTAL RESEARCH 

2.1. Aim and scope of the study 

The aim of this research was to determine the most favorable thermo-mechanical conditions of hot deformation 
of cast Ti-6Al-4V alloy and P/M Ti-6Al-4V alloy obtained by mixing of the elemental powders. The investigations 
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involved compression tests under various temperature and strain-rate conditions, using the Bähr MDS 830 
thermo-mechanical simulator. The influence of deformation conditions on the microstructures of both types of 
samples was analyzed. Hardness measurements showed the effect of hot deformation on the mechanical 
properties of the investigated alloy. 

2.2. Materials for study 

The initial materials used in the compression tests were P/M Ti-6Al-4V alloy compact obtained by sintering of 
blended elemental powder as well as cast Ti-6Al-4V alloy. Specimens with 14 mm height and 8 mm diameter 
were machined from compacts and cast material respectively. Table 1 presents the chemical composition of 
the investigation alloy. Figure 1 shows microstructures of as-received P/M (Figure 1A) and cast (Figure 1B) 
Ti-6Al-4V alloy. Chosen physical and mechanical properties of the investigated alloy were shown in Table 2. 

Table 1 Chemical composition (wt.%) of Ti-6Al-4V alloy (ISO 5832/3) 

O V Al Fe H C N Ti 

<0.2 3.5 5.5 <0.3 <0.0015 <0.08 <0.05 Balanced 

  

Figure 1 Microstructure of as-received P/M (A) and cast (B) Ti-6Al-4V alloy 

Table 2 Chosen physical and mechanical properties of cast [10] and P/M [8] Ti-6Al-4V alloy 

 Density 

(g/cm3) 

Relative 
density 

(%) 

Hardness 

(HV) 

Tensile yield 
strength Rp0.2 

(MPa) 

Ultimate tensile 
strength Rm 

(MPa) 

Young 
Modulus E 

(GPa) 

Cast 4.43 - 321 880 950 110-114 

P/M 4.40 99.4 339 1013 1029 104.6 

2.3. Compression tests 

Compression tests were performed on Bähr MDS 830 thermo-mechanical simulator, available at the Institut 
für Metallformung of TU Freiberg in Germany. The general schedule of the conducted research was shown in 
Figure 2. Each sample was heated up to the temperature of 1000 °C, held at this temperature for 5 min, cooled 
down to the deformation temperature and deformed in compression. After deformation the samples were 
cooled at room temperature. The parameters of the performed tests for P/M Ti-6Al-4V alloy as well as for cast 
alloy were shown in Table 3.  
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Figure 2 Schematic representation of the compression tests performed on Bähr MDS 830 

Table 3 The parameters of compression tests performed on Bähr MDS 830 

Heating rate 
(K/s) 

Holding 
temperature 

(°C) 

Holding time 
(min) 

Test temperature 
(°C) 

Strain rate 

(s-1) 
Cooling 

5 1000 5 850; 900 0.1; 1; 10; 30 Room temperature 

In the results of plastometric tests stress-strain curves were obtained (Figure 3 and Figure 4). Due to applied 
parameters of deformation process, compression in lower temperature and high strain rate, with chosen set of 
tools was impossible to perform. It was revealed, that ceramic tools used in compression tests were inadequate 
to proposed thermo-mechanical parameter of process. The end point on stress-strain curves indicates the 
moment of ceramic plates cracking. 

 

Figure 3 Stress-strain curves obtained in compression tests of cast Ti-6Al-4V alloy at the temperatures  
of 850 °C (A) and 900 °C (B) 

 

A B
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Figure 4 Stress-strain curves obtained in compression tests of P/M Ti-6Al-4V alloy at the temperatures  
of 850 °C (A) and 900 °C (B) 

True stress required to achieve assumed amount of deformation was lower at the temperature of 900 °C for 
cast samples as well as for P/M material. Ceramic tools used in compression tests cracked more often at 
testing temperature of 850°C. Such situation was also observed in the case of tests performed on P/M Ti-6Al-
4V alloy samples. 

2.4. Metallographic investigations 

The observations of microstructures of cast and P/M Ti-6Al-4V alloy after hot deformation were conducted 
using optical microscope LEICA DM4000M. Chosen microstructures of cast material were shown in  
Figures 5A, B, C and for P/M material in Figures 5D, E, F. 

   

   

Figure 5 Microstructures of cast Ti-6Al-4V alloy after hot compression at the temperature of 850 °C  
and strain rate of 0.1 s-1 (A), 850 °C and strain rate of 10 s-1 (B), 900 °C and strain rate of 30 s-1 (C),  

and microstructures of cast Ti-6Al-4V alloy after hot compression of P/M Ti-6Al-4V alloy at the temperature  
of 850 °C and strain rate of 0.1 s-1 (D), 900 °C and strain rate of 0.1 s-1 (E), 900 °C and strain rate  

of 10 s-1 (F) 

BA 
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In both investigated materials the fragmentation of grains after hot deformation was observed. In cast Ti-6Al-
4V alloy the microstructure had a bimodal character, having regular as well as lamellar grains. In the samples 
made by powder metallurgy method, thick lamellas of α phase located in β phase matrix were observed. In 
both types of material with increasing strain rate grains were more and more stretched and elongated in 
material flow direction. 

2.5. Hardness measurements 

Hardness measurements were conducted on samples after compression tests, in the case of which the 
deformation process has been successful. Hardness was measured on longitudinal cross-section in center 
region of the sample. Table 4 presents the average of HV2 hardness values with standard deviation. Major 
differences between hardness values in relation to the strain rate were not observed. For specimens obtained 
by powder metallurgy, higher hardness values were measured as compared to the cast samples. In 
comparison to the initial material, hardness increased only slightly, what indicates that in both cases material 
was strengthened insignificantly. In each case the value of the standard deviation did not exceed 10 HV2. 

Table 4 Hardness measurements results. 

Strain rate (s-1) 
Hardness in 900 °C, HV2 

CAST P/M 

0.1 352 ± 3 359 ± 4 

1 348 ± 8 354 ± 5 

10 352 ± 7 356 ± 3 

3. CONCLUSIONS 

Basing on the results of the performed compression tests of cast and P/M Ti-6Al-4V alloy and also on 
metallographic analysis and hardness measurements, the following conclusions can be drawn:  

 Examination of stress-strain curves has shown that the strain rate, as well as the temperature of 
deformation had strong influence on the stress values required to deform the material and on the nature 
of the material flow.  

 Applied combinations of thermo-mechanical processing parameters caused cracking of compression 
tools, and in the result, the full stress-strain curves were not obtained for some samples. 

 In the result of hot upsetting, the microstructure of both of the investigated materials was fine grained in 
comparison with that of the initial materials. The influence of the applied strain rate on the resulting 
microstructure of the processed material was observed. In cast material the microstructure had bimodal 
character, while in P/M Ti-6Al-4V alloy lamellar grains of α phase present in β phase matrix were 
observed. 

 Hardness tests revealed that HV2 values in the result of compression test increased only slightly and 
hardness changed only in a narrow range. No significant influence of the proposed thermo-mechanical 
parameters on hardness value for the specimens after hot compression was observed. It was found, 
that the application of powder metallurgy method for obtaining Ti-6Al-4V alloy results in higher hardness 
of the material after deformation as compared to the processed cast material.   

 The results of the performed investigations can be useful in describing the behavior of Ti-6Al-4V alloy 
in a wide range of thermo-mechanical conditions as well as in designing the parameters of processing 
such as hot forging, especially for the material obtained by powder metallurgy route for which a lack of 
adequate information in the technical literature exists.        



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1982 

ACKNOWLEDGEMENTS   

Financial support of Structural Funds in the Operational Programme - Innovative Economy (IE OP) 
financed from the European Regional Development Fund - Project WND-POIG.01.03.01-12-004/09 is 

gratefully acknowledged 

REFERENCES 
[1] WOJTASZEK, M., ŚLEBODA, T., CZULAK, A., WEBER, G., HUFENBACH, W.A. Quasi-static and dynamic 

tensile properties of Ti-6Al-4V alloy. Archives of Metallurgy and Materials, 2013, vol. 58, no. 4, pp. 1261-1265. 

[2] BOYER, R., WELSCH, G., COLLINGS, E. W. Materials Properties Handbook: Titanium Alloys. ASM International, 
Materials Park, OH, 2007.  

[3] DĄBROWSKI, R. The kinetics of phase transformations during continuous cooling of the Ti6Al4V alloy from the 
diphase α+β range. Archives of Metallurgy and Materials, 2011, vol. 56, no. 2, pp. 217-221. 

[4] MELECHOW, R., TUBLIEWICZ, K., BŁASZCZAK, W. Tytan i jego stopy, Częstochowa: Wydawnictwo 
Politechniki Częstochowskiej, 2004. 

[5] ELIAS, C.N., LIMA, J.H.C., VALIEV, R., MEYERS, M.A. Biomedical applications of titanium and its alloys. Journal 
of the Minerals, metals, and Materials Society, 2008, vol. 60,no. 3, pp. 46-49. 

[6] VRANCKEN, B., THIJS, L., KRUTH, J., VAN HUMBEECK, J. Heat treatment of Ti6Al4V produced by Selective 
Laser Melting: Microstructure and mechanical properties. Journal of Alloys and Compounds, 2012, vol. 541, pp. 
177-185. 

[7] SEMIATIN, S. L., BIELER, T. R. The effect of alpha platelet thickness on plastic flow during hot working of Ti-6Al-
4V with a transformed microstructure. Acta mater., 2001, vol. 49, pp. 3565-3573. 

[8] WOJTASZEK, M., ŚLEBODA, T. Thermomechanical processing of P/M Ti-6Al-4V alloy. In METAL 2013, 22nd 
Inter. Conf. on Metallurgy and Materials. Ostrava: TANGER, 2013, pp. 364-369. 

[9] ABKOWITZ, S., ROWELL, D. Superior fatigue properties for blended elemental P/M Ti-6Al-4V, JOM, 1986, vol. 
38, iss. 8, pp. 36-39. 

[10] KIPP, DALE O. Metal Material Data Sheets, MatWeb, LLC.. Online version, 2010, (available at: 
http://app.knovel.com/hotlink/toc/id:kpMMDS0002/metal-material-data-sheets/metal-material-data-sheets). 

 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

1983 

NOVEL TECHNOLOGY FOR PRODUCTION OF COPPER COMPONENT AND PASTE USED IN 
THE PRODUCTION PROCESS OF ELECTRICAL CONTACTS OF SILICON CELLS 

MUSZTYFAGA-STASZUK Małgorzata1,4, WOŹNY Krzysztof1,3, PUTYNKOWSKI Grzegorz1, 
ZIĘBA Paweł1,2, PANEK Piotr1,2, MARYNOWSKI Przemysław3 

1CBRTP SA Research and Development Center of Technology for Industry, Warsaw, Skylight Tower, 
Poland, EU, krzysztof.wozny@cbrtp.pl 

2Institute of Metallurgy and Materials Science of Polish Academy of Sciences PAS,Cracow, Poland, EU,  
pan-kozy@wp.pl 

3AGH University of Science and Technology, Cracow, Poland, EU, woznyk@agh.edu.pl 
4Silesian University of Technology, Welding Department, Gliwice, Poland EU, 

malgorzata.musztyfaga@polsl.pl 

Abstract 

The paper presents results of research on a new type of copper component that enables the production of Cu 
paste. Two pastes were applied during investigations: 1 - Pv19B commercial paste manufactured by Du Pont, 
2 - experimental containing more than 50 % copper. Investigations were made into electrical properties of solar 
cells, with front metallization made in a non-conventional way (using template/stencil) on computerized Solar-
Lab positioning table and included the measurement of I-V curves of the photovoltaic solar cells. The specific 
contact resistance of front metallization of the solar cell was measured also onto measuring position Corescan. 
Using the presented results, we can reduce the cost of silicone metallization by 50%, replacing the previously 
used silver with cheaper copper (CuXX). 

Keywords: Copper, screen-printing, photovoltaic cells, metallization, silver 

1. INTRODUCTION 

The aim of the work was to compare the electrical parameters of photovoltaic cells produced on the basis of 
two pastes: commercial and novel paste component. The paper presents results achieved in the project is to 
draw up and demonstrative development of metallizing paste with the use of Cu at a minimum of 50 % by 
weight to mark electric contacts in photovoltaic silicon cell production process. New metallizing paste (based 
on the patent application No. P.409794), which was created to substitute silver (Ag) with a new copper 
component (CuXX, XX- compound is confidential within patent application), will be a worlds novelty and enable 
to decrease costs of metallizing paste by 28-78 % (depending on project results and market prices of silver), 
which willed crease the cost of metallizing silicon cell process by 10-15 % (as in the above). It is estimated that 
cost of metallizing paste will decrease by 55 %, i.e. cost of silicon metallization process by 50 % [1].Two pastes 
were applied during investigations: 1 - Pv19B - commercial paste manufactured by Du Pont, 2 - experimental 
prepared that content of more than 50 % copper. Investigations were made of electrical properties of solar 
cells, with front metallization made non-conventional way (using template/stencil) on computerized Solar-Lab 
positioning table and included the measurement of I-V curves of the photovoltaic solar cells [2]. 

1.1. Material for testing and samples preparation 

Test plates were used from single crystal silicon (Cz-Si) p-type surface area 5 x 5 cm2, the starting 
crystallographic orientation of the surface (100) of thickness 160 µm and a resistivity of 1 Ωcm [3]. 

 chemical cleaning of the silicon surface, 
 high-temperature molding of the connector, 
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 removal of lateral joints and enamel washing, 
 surface passivation, 
 applying the anti-reflective TiO2 layer by CVD 
 electrode creation (printing and firing in the IR furnace) [4]. 

After contact printing, the structures were subjected to metallization in the IR furnace for three consecutive set 
point temperatures: 1. - 530 °C, 2. - 570 °C, 3.- in the range of 840 ÷ 960 °C at a tape speed of 200 cm/min. 
Solar cells were prepared in 2 series [5]. 

 Characteristics of solar cells in the first series: front contact electrode of PV19B paste-a new DuPont 
paste PV19B was used to make the front electrode. 

 Characteristics of the solar cells in the second series: with the front contact electrode from the 
experimental paste prepared with a Cu content of more than 50 % by weight. 

PV505 and PV36A pastes were used for rear contacts. After drying at 200 °C for 15 minutes, the plates were 
fired in an IR furnace. 

1.2. Methodology of research 

In order to determine the effect of the obtained electrode from two different pastes on the electrical properties 
of the produced photovoltaic cells, two different research stands were used. 
 A computerized test stand Solar-Lab for measurement of current-voltage (I-V). 
 A computerized test stand equipped with a Corescan device for measuring contact resistance and 

resistivity [6]. 

2. EXPERIMENT 

Measurement of I-V characteristics was performed using Solar-Lab. Measurement allowed to determine the 
basic parameters of solar cells such as Isc (short circuit current), Voc (open circuit voltage), FF (fill factor) (1), 
Eff (efficiency). The results of measurements of the electrical properties of solar cells with the front contact 
electrode applied from PV19B paste are shown in Table 1, Figure 1. The purpose of the experiment was to 
check the parameters of solar cells produced solely on the basis of commercial paste PV19B, used as the 
starting paste. Depending on the metallization temperature between 880-900 °C and 920-940 °C, PV19B can 
be used to produce a cell with a fill factor FF greater than 0.7 [7]. The highest value of FF obtained for the 
metallization temperature of 940 °C. Using only metallic dopants to PV19B paste, obtain a higher FF value is 
unlikely [8].The above PV19B paste was used as a base material for the production of experimental pastes 
with a component based on copper. Corescan device with complete operating software allowing automatic 
measurement of the resistance and resistivity required for optimization and control of the final stage of the 
photovoltaic cell manufacturing process with the possibility of immediate analysis of the photovoltaic cells [9]. 
Based on the results obtained in text (Table 1) and graphical form (Figure 2), it was found that at 840 °C high 
and non-uniform contact resistance was obtained. At 920 °C, cells with low uniform contact resistance were 
obtained, At 940 °C, the lowest contact resistance was obtained, but slight degradation of the samples was 
observed. Slight degradation of the samples was also observed at 960 °C. Based on the results obtained, it 
was found that the best result of resistance and resistivity was obtained at 920 °C [10, 11]. Therefore, the next 
stage was the production of 2 cells in the same technology process, differing in the type of paste used for 
applying the front electrode (Table 2, Figure 3). Research shown that the smallest value of the PV relative 
values of Rc (coating resistance) in series produced at the same temperature of the metallization process was 
obtained at a commercial paste PV19B at temperature 920 °C of 36.33 mΩ·cm2 compared to the experimental 
paste (55.36 mΩ·cm2). In the case of the commercial paste used, the cell was characterized by a uniform low 
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contact resistance with slight degradation (Figure 3a), whereas in the experimental paste the cell was 
characterized by a greater defect (Figure 3b) [12-14]. 

Table 1 Results of measurements electrical properties of photovoltaic cells in which the front electrode was  
   made of PV19B paste using two test stand for J = 30 mA/cm2 

 Test stand Solar-Lab Corescan device 

LP. 
Firing 

temperature 
(°C) 

Symbol of the 
sample 

Isc 
(mA) 

Voc 
(mV) 

FF 

(-) 
Eff 
(%) 

Rs 
(mΩ) 

Rsh 
(Ω) 

U 

(mV) 
Rcl  

(Ω·cm) 
Rc 

(mΩ·cm2) 

1 
840 

D-21-1.0 515.6 545.7 0.316 3.56 536.1 1.64 441.9 132.57 1325 
2 D-21-1.2 x x x x x X 293.3 88 880 
3 

860 
D-21-1.3 801.4 572.4 0.517 9.48 136.4 1.12 1883 56.47 565 

4 D-21-1.4 783.7 577.6 0.562 10.18 111.5 7.77 94.1 27.9 279 
5 

880 
D-21-1.5 8205 588.5 0.689 13.31 67 48.29 23.3 7 70 

6 D-21-1.6 814.7 591.3 0.703 13.55 54.7 46.5 x x x 
7 

900 
D-21-1.7 811 591.2 0.701 13.44 65.7 1.56 11.57 3.47 34.67 

8 D-21-1.8 799.8 589.3 0.68 12.83 66.9 12.63 19.53 5.87 58.67 
9 

910 
D-21-1.9 812.5 591.8 0.68 13.08 53.8 9.91 11.07 3.33 33.33 

10 D-21-1.10 816.4 590.6 0.682 13.15 66.6 28.19 17.57 5.27 52.67 
11 

920 
D-21-1.11 804.4 587.6 0.66 12.48 63.6 3.98 10.27 3.07 30.67 

12 D-21-1.12 809.5 594 0.702 13.51 59.9 35.57 10.43 3.13 31.33 
13 

930 
D-21-1.13 800.3 591.6 0.7 13.25 65.5 16.59 10.27 3.07 30.67 

14 D-21-1.14 805.8 592.5 0.702 13.4 65.6 5.52 11.23 3.37 33.67 
15 

940 
D-21-1.15 791 591.2 0.704 13.17 64.2 0.94 9.3 2.77 27.67 

16 D-21-1.16 806.3 593.1 0.692 13.24 55.5 15.26 9.3 2.77 27.67 
17 

950 
D-21-1.17 787 586.4 0.657 12.12 63.8 2.05 10.57 3.17 31.67 

18 D-21-1.18 794.6 586.1 0.593 11.04 66.7 1.82 12.03 3.63 36.33 
19 

960 
D-21-1.19 795.9 587.3 0.645 12.07 63.9 4.88 10.43 3.17 31.33 

20 D-21-1.20 801.5 586.6 0.633 11.9 65.2 5.9 10.87 3.27 32.67 

where: Isc - short circuit current, Voc - open circuit voltage, FF - fill factor, Eff - conversion efficiency, Rs - specific 
series resistance, Rsh -  specific shunt resistance, U - voltage, J - current density, Rcl - line contact resistance, 
Rc - coating resistance. 

Figure 1/1 View of the "history result tab in the form of a 2D image for the front electrode made of PV19B 
paste, fired in the range of 840 to 960 °C 

860 °C 840 °C 880 °C 900 °C 
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Figure 1/2 View of the "history result tab in the form of a 2D image for the front electrode made of PV19B 
paste, fired in the range of 840 to 960 °C 

  

  

Figure 2 View of the "history result" tab as a 3D image for front electrode made of PV19B paste and fired at 
selected temperature range: 840, 900, 940 and 960 °C 

910 °C 920 °C 930 °C 940 °C 

950 °C 960 °C 

840 °C 920 °C 

940 °C 960 °C 
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Table 2 The results of the resistance measurements and the specific resistance of the photovoltaic cells  
    in which the front electrode was made of 2 pastes. 

   Corescan device 

LP. 
Firing 

tempe-
rature 
(°C) 

Symbol of the 
sample Type of paste UAVG (mV) J (mA/ cm2) Rcl  (Ω·cm) Rc (mΩ·cm2) 

1 
920 

MM-13 PV 19B 12.03 
30 

3.63 36.33 

2 C3-N-6 Experimental 18.4 5.53 55.33 

Where: UAVG - average voltage, J - current density), Rcl - line contact resistance, Rc - coating resistance. 

 

 

Figure 3 View of the "history of measurement results" tab in the form of 2d and 3D images for the front 
electrode made of a) PV19B and b) firing temperature of novel paste at 920 °C 

a) 

b) 
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3. CONCLUSION 

1) The purpose of the experiment was to check the electrical parameters of photovoltaic cells produced on 
the basis of a new commercial paste No. PV19B from Du Pont, as starting material depending on the 
metallization temperature to produce an experimental paste prepared with a Cu content of more than 
50% by weight. 

2) It has been demonstrated that the Corescan device enables detailed and practical measurement of the 
selected photovoltaic cellular components and their presentation in two forms (graphical, 
textual).Detailed research results of the electrical properties of a photovoltaic cell can be used to analyze 
or solve problems in selected stages of its manufacturing process. 

3) The electrical parameters of solar cells produced in individual series while maintaining the same 
temperature of the metallization process show the spread of their values, whose primary source is the 
lack of automatic processing line in the manufacture of photovoltaics. 
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Abstract  

Big Data is related to data sets which exceed the capacity of traditional data processing systems and enforces 
significant changes in the data analysis approach. Changes in the analysis of Big Data relate to: the ability to 
analyze large amounts of data, readiness to deal with unstructured data, and rising importance of correlations. 
Big Data Analytics (BDA) may show new relations between data, reveal unseen earlier trends and contribute 
to the creation of new knowledge, which can then be used to create value. The aim of this paper is to identify 
the areas of metal sector enterprise areas where bid data analytics can be effectively used and to formulate 
recommendations for the effective implementation of big data analytics projects. The aim was achieved using 
the desk research methodology and interviews with managers of large metal sector enterprises. The results 
of the study justified the efficiency of the use of big data analytics (BDA) in management of metal sector 
enterprises in the areas of customer relationship management, creation of value, creation of innovations and 
production management. 

Keywords: Big Data, Big Data Analytics (BDA), metal sector enterprises, Big Data Analytics in management 

1. INTRODUCTION  

Nowadays, in turbulent settings, each enterprise constantly seeks sources of success expressed by the 
achievement of competitive advantage and high profits. Under conditions of the information overload, 
widespread access to ICT technologies, technological challenges and increasing customer requirements, 
management of contemporary enterprises seems to be very difficult. The effectiveness of organization is higher 
in the enterprises which support their decision-making processes with the use of the data derived from 
analytical systems and utilize the data-driven decision-making approach (DDD) [1]. In the era of the increasing 
amount of data, especially the unstructured data, which cannot be effectively collected and processed by 
conventional information systems, the concept of big data is attracting more and more interest, with particular 
focus on the analytical capacity of this solution defined as big data analytics (BDA).  

The aim of this paper is to identify the areas of metal sector enterprise areas where bid data analytics can be 
effectively used and to formulate recommendations for the effective implementation of big data analytics 
projects.  

The paper is organized according to the following design: the introduction section presents the aim of the 
paper, followed by the discussion of the problem of the effect of modern ICT technologies on the increasing 
amount of data, especially unstructured data. Using this context, the paper presents the concepts of big data 
and big data analytics. Another part presents the changes in the metal market with particular focus on the 
factors which have a negative effect on the development of this sector. The empirical part of the paper presents 
the results of desk research and interviews with managers in large enterprises in the metal sector. The 
summary contains the conclusions from the surveys and recommendations for the projects of BDA 
implementation in metal sector enterprises. 
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2. MODERN TECHNOLOGIES AND THEIR IMPACT ON NEW TYPE OF DATA 

The substantial increase in the amount of information resources collected in the servers is confirmed by the 
introduction of the term zettabyte which means 1 trillion gigabytes. The resources of the data collected by 
business organization double every thirteen months [2]. The rate of changes is stimulated by numerous 
sensors and interconnected automated equipment that generates and saves any events connected with 
organizations' activities. The development of the Internet of Things and automation of collecting various data 
flowing from the interconnected devices is also important. It is not only people but also the devices around 
them that are becoming the sources of the data streams. The problem lies, however, in using these data, which 
seems to be inefficient and not related to the expected potential. 

The current explosion of data that is being generated is due to three main reasons [3]: firstly, hundreds of 
applications such as mobile sensors, social media services, and other related devices are collecting 
information continuously; secondly, storage capacity has improved so much that collecting data is cheaper 
than ever, making preferable to buy more storage space rather than deciding what to delete; thirdly, machine 
learning and information retrieval approaches have reached a significant improvement in the last years, thus 
enabling the acquisition of a higher degree of knowledge from data. 

Koff and Gustafson [4] demonstrated that on the one hand, the increase in the data represents an opportunity 
and threat for enterprises. This results from deficiencies of the experience of using both rich and unstructured 
resources and inability of their complex presentation so that they represent an inspiration or a source of 
knowledge in identification of the organizational problems. Undoubtedly, it is difficult to imagine the world of 
organization without big data and using them for management. 

3. BIG DATA AND BIG DATA ANALYTICS 

The term big data relates to the data sets with size that goes beyond the opportunities for acquisition, storage, 
management and analysis offered by typical tools of database software. The phenomenon called "Big Data" 
differs as a data source from the previously used sources such as databases or data warehouses. Davenport 
and others [5] emphasise that organisations which capitalise on big data stand apart from traditional data 
analysis environments in three key ways: they pay attention to data flows as opposed to stocks; they rely on 
data scientists and product and process developers rather than data analysts; they are moving analytics away 
from the IT function and into core business, operational and production functions. 

 
Figure 1 Big Data - variety and complexity [6] 

Figure 1 shows the relations between increasing data variety and complexity and the memory size of 
databases from megabytes to petabytes. It is shown that ERP systems generate data which companies collect 
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and process in databases or data warehouses. Nevertheless CRM and Web systems have the biggest 
influence on the rapid increase in the amount of data. Figure 1 also presents the main sources of data for Big 
Data.  

Big data analytics is the process of examining large data sets to uncover hidden patterns, unknown 
correlations, market trends, customer preferences and other useful business information. Changes in the 
analysis of Big Data relate to three main areas [7]: the ability to analyse large amounts of data, while not having 
to use smaller data sets; readiness to deal with unstructured data, characterised by low accuracy and rising 
importance of correlations, which tend to look for relations between phenomena rather than their causes. 

Big Data analytics may show new relations between data, reveal unseen earlier trends and contribute to the 
creation of new knowledge, which can then be used to increase the effectiveness and improve the profitability 
of the company. In the long term, these can compensate for the costs associated with the purchase of 
specialised software and hiring specialists [8]. 

4. CHANGES IN THE METAL MARKET  

After years of growth, 2015 saw a decrease in crude steel output and in world steel consumption. In 2015, 
1.623 billion tonnes of steel was produced globally, which means a decline by 2.8 % compared to 2014 [9]. Similar 
situation is observed in the European market. In 2015, EU crude steel production dropped by 2 % and apparent 
consumption of steel products increased by 1.6 %, primarily owing to a 3.2 % rise in third-country imports [10]. 
The highest declines in production were recorded in the UK (10.4 %), France (7.2 %) and Italy (7.1%). 
However, there are countries where steel production levels increased, such as Spain (4.4 %) and Poland.  

In 2015, Poland produced 9.2 million tons of crude steel, i.e. 8 % more than in 2014, whereas the average 
capacity utilisation of the domestic steel industry was about 5 pp higher than the figure of the previous year, 
and amounted to 73 % [10]. This good result of consumption of steel products was achieved with only a 33 % 
share of domestic supplies. This phenomenon seems to be worrying as it forces Polish enterprises to seek 
new competitive advantages in the situation of unfavourable external conditions, including: the excess capacity 
in steel industry across the globe reaching 700 million tons of crude steel [10]; import of cheap products from 
non-EU countries, calling for urgent modernization of trade defense instruments; high costs of the EU climate 
policy; granting China the market economy status (MES); high prices of raw materials (iron ore, coal, coke and 
steel scrap), gaseous fuels and electricity while these prices are declining abroad; increasing cost of capital 
and the presence of potential risk of credit constraints; fierce competition caused by the overlapping roles of 
steel plants, service centres and wholesalers. 

The competitiveness of European steel producers vis-à-vis cheaper imports decreased. Therefore, since the 
enterprises are unable to compete with prices, they should take into consideration other opportunities for 
gaining the competitive advantage in the market. The most popular competitive strategies include: strategy of 
competing by ensuring production quality [11], production flexibility [11], lean concept [12] processes 
improvement [13], efficient resource management [14], approach oriented towards meeting customer needs 
[15], focus on creation and management of relations with customers [16], approach oriented at creation of 
value for the customer [17, 18], orientation towards innovativeness [19], including the enterprises in the 
network structure [20], using ICT and integrated information systems (e.g. MRP, MRP II, ERP), and many 
others. The effectiveness of the selected and implemented competitive strategy depends on a number of 
internal and external settings, recognition of strengths and weaknesses of the enterprise, identification of 
opportunities and threats of the environment and, first and foremost, understanding of the specific nature of 
the enterprises in the metal industry. Big Data can also be the source of competitive advantage in metal sector 
enterprises, especially if the solution implemented substantially supports the decision-making processes in 
various areas of the enterprise. 
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5. USING BIG DATA ANALYTICS IN SELECTED AREAS OF FUNCTIONING OF METAL SECTOR 
ENTERPRISES 

According to Davenport and Harris [21], more and more enterprises build their strategies effectively using big 
data analytics. The examples are the UPS express courier services provider which uses big data to improve 
their performance, Kayak tourist portal that uses big data analytics to predict prices of airline tickets or Netflix 
and the sector of video rental that created a unique system of offer personalization. In light of the above 
example, the question arises: If so, how the metal sector enterprises use (or can use) big data analytics? The 
author attempted to find the answer by using the desk research and interview methodologies. The basis for 
the desk research analysis was publications from the two areas: big data analytics and management in metal 
sector enterprises. The analyses resulted in identification of the areas of using big data analytics (BDA) in 
management of metal sector enterprises. These include: changes in the decision-making process: rejecting 
the hypotheses and attempts to collect information in order to verify them to wait for the results of BDA and 
analysis of the presented, previously unknown relationships; the use of BDA in customer relationship 
management; the use of BDA in value creation; the use of BDA in the process of creating innovations; the use 
of BDA in production management, especially in planning and improving production quality. 

The aim of the interviews with the managers of 6 large metal sector companies (3 steelworks, cast iron foundry, 
alloy foundry, metal processing company) was to verify and supplement the above list with potential 
applications of BDA in management of metal sector enterprises. The interviews were made in person in the 
enterprises' headquarters in April 2017. When talking about big data phenomenon, all the managers agreed 
that they did not see a substantial increase in the amount of unstructured data in the resources of their 
enterprises. They do not experience problems with acquisition of information from the information systems. 
The interviewees were familiar with the concept of big data, its potential for advanced analyses and detection 
of the relationships. Without going into detail, this solution was compared to business intelligence, data mining 
and knowledge discovery systems. One of the respondents concluded that there is lack of experts and analysts 
who are familiar with the metal industry and can properly interpret the obtained results of the analyses. Several 
years ago the enterprise implemented an integrated ERP system with the module of manager dashboard, 
which is not fully used since users do not have sufficient competencies in terms of the analytics and 
interpretation of the data and construction of prediction models.  

During the conversation about customer relationship management and value creation, it was demonstrated 
that the most numerous group of recipients includes corporate customers and it should be recognized what is 
the value for such customer since the reception of the value by individual groups of recipients of steelwork 
products is observed: public procurement market, industrial processing market and foreign trade market. Three 
enterprises have a formal system of customer relationship management and these companies confirmed the 
importance of the unique relationships obtained based on BDA.   

Full consistency in managers' opinions was found for the use of BDA in innovative activities. Two respondents 
referred to the INNOSTAL programme whose aim is to increase competitiveness and innovativeness of the 
Polish steel industry in the perspective of 2026. In the INNOSTAL contest for innovative projects in the metal 
sector in 2016, 132 million zlotys were allocated to the contest's budget, whereas this value for 2017 was over 
95 million zlotys (decision in the third quarter). Both enterprises will apply for the contest and their managers 
appreciate the use of advanced analyses and detected relationships which would identify the directions of 
innovations. 

The concepts of Internet of Things (IoT), Industrial IoT and Industry 4.0 were mentioned during the discussions 
and it was agreed that the effect of automation of production lines is supplying huge amount of data from smart 
sensors to information resources, control devices, monitoring systems etc. Integration of these data with the 
resources of ERP, CRM and SCM systems offers a perfect environment for the use of BDA and supporting 
planning, evaluation of the costs of production processes and using information from recipients to implement 
real-time changes in production lines and process parameters.  
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When asked about the future of BDA in metal enterprises, all the managers agree that it is a promising solution, 
which, facing the increasingly competitive environment, may turn out to be a substantial support in decision-
making and the source of inspiration in seeking competitive advantage in the metal market.  

6. CONCLUSION 

The theoretical investigations, analysis of the results of desk research and interviews with managers of large 
enterprises from the metal sector led to the following conclusions: 

1) Enterprises of the metal sector do not see a substantial increase in the amount of data, including the 
unstructured data in information resources. 

2) Managers are familiar with the concept of big data, but big data analytics projects are not considered as 
priority 

3) Big data analytics are not viewed as an important source of value creation and competitive advantage 
in the metal market. 

4) In the enterprises of the metal sector, the potential areas of using big data analytics are indicated by 
strategic management, including the support for the managers, predictive analytics and simulations 
“what will happen”. 

5) Big data analytics may be an important support in customer relationship management, innovation 
management and production management.  

For metal sector enterprises which intend to implement BDA solutions, the following recommendations were 
formulated: 

1) Implementation of big data project in the metal sector enterprise is a complex project and requires the 
use of reliable methods of project management at each stage, i.e. preparation, implementation, use and 
improvement of big data analytics. 

2) The stage of preparation should represent a sequence of actions: identification of the areas of 
enterprise's activities where big data can yield measurable benefits, build future-state capability 
scenarios and define benefits and road map 

3) The process of value creation in big data solution should be focused on the development of a new 
analytical model which allows a user to retrieve information from the available database. Interpretation 
of the data obtained in this manner may represent a significant economic value.  

4) It seems legitimate to improve competencies of managers in the areas of data science and big data 
analytics so that they are able to fully utilize available information in the processes of decision-making. 

5) With increasing opportunities for using big data solutions, it seems critical to constantly improve the 
functioning solution to keep up with the changes in the IT market and ensure real-time responding to 
changes in the metal sector. 
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Abstract 

One of the aspects defining the paradigm sometimes called Industry 4.0 is the availability of large amounts of 
data generated by modern processes. Nowadays, most process parameters can be collected automatically 
and therefore, the large volume of process data generated becomes close to impossible to analyse manually, 
or at least, to be able to extract from it all the useful information that it contains.  

Advanced mathematical and computational tools to analyse data and create models automatically have existed 
for some time, being labeled at one time or another as Expert Systems, Artificial Intelligence, Machine 
Learning, Data Mining, Statistical Pattern Recognition etc. However, only recently the combination of 
automated data collection and fast computers have allowed to extend the benefits of such techniques beyond 
some niche applications and industries. 

This work introduces a new project to develop a comprehensive set of such tools aimed to fit industrial needs. 
As starter, several advanced model fitting techniques are applied to a metallurgical example. As dataset, a 
publicly available database on creep rupture is used. Supervised learning algorithms (using gradient descent 
training, normal equation regression, artificial neural networks), when correctly applied, allow to fit models to 
any set of complex data and to make reliable predictions with them. Unsupervised learning methods on the 
other hand, may also be used to find structure in the data without any a priori knowledge of such underlying 
structure (anomaly detection, clustering).  

Keywords: Automated Model Fitting, Regression, Artificial Neural Networks, Anomaly Detection,  
        Cluster Analysis 

1. INTRODUCTION 

Although scientific research has progressed greatly in understanding the underlying phenomena on many 
material behaviour and processing, there remain many situations where accurate quantitative descriptions are 
still lacking. 

The lack of progress in predicting the precise outcome of an industrial process, for instance, is related to its 
dependence on large numbers of variables, that although usually well understood individually, become 
untractable when the whole process is considered. 

Moreover, many process parameters can be collected automatically and therefore, the large volume of process 
data generated becomes close to impossible to analyse manually, or at least, to be able to extract from it all 
the useful information that it contains.  

Advanced mathematical and computational tools to analyse data and create models automatically have 
allowed to extend the benefits of such techniques into many industries. Supervised learning tools, like 
Regression and Classification to produce predictive models, as well as unsupervised learning tools like 
Anomaly Prediction and Clustering Analysis to extract information on the underlying structure in the data, all 
assist modern industry and research in taming many a complex phenomenon [1-5].  
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2. RESOURCES USED: SOURCES, DATABASE AND COMPUTING RESOURCES 

2.1. MAP and Creep Rupture database 

In order to provide some examples of the application of the mentioned modelling techniques, a set of empirical 
metallurgical data has been used. This database is provided by the Materials Algorithms Project, a Materials 
Science repository created by the Phase Transformations Group of the University of Cambridge and the 
National Physical Laboratory (UK), which can be openly accessed at http://www.phase-
trans.msm.cam.ac.uk/map/mapmain.html.  

In particular, the chosen database is MAP_DATA_CREEP_RUPTURE. This database was compiled by 
F. Brun and Dr. T. Yoshida from the published literature and consists of 2066 instances of creep rupture stress 
results, presented as function of 30 inputs including chemical composition, heat treatment conditions and test 
parameters [6].  

The composition of each alloy is defined by C, Si, Mn, P, S, Cr, Mo, W, Ni, Cu, V, Nb, N, Al, B, Co, Ta, O, Re. 
Normalising, tempering and annealing heat treatments are defined by time and temperature treatment and 
cooling severity. The Creep tests are defined by temperature, stress and resulting time to rupture. 

The data has been normalised and randomised and split in three smaller datasets. The first one, the training 
set, containing the 60% of the datapoints, and then two datasets with a 20% of datapoints each to be used as 
test and cross validation sets, i.e. used to compare the resulting models using unseen data. 

For anomaly detection and clustering analysis however, the whole dataset has been used. 

2.2. A note on computer used 

The computer used to run these calculations has an Intel Core i7-4720HQ CPU, running at 2.60GHz with 4 
physical cores (and, by hyperthreading, simulating 8 virtual cores) and 15.6 GiB of RAM. It runs 64-bit Ubuntu 
Linux 16.04 LTS, and the mathematical programming environtment, Octave [7]. 

3. SUPERVISED LEARNING & ADVANCED REGRESSION 

Supervised learning refers to the construction of models with the purpose of making predictions (both 
quantitative or qualitative). It is characterised by a model training process in which a set of answers, or labels 
is provided. The model thus constructed should be able to correctly describe the phenomenon and therefore 
to predict the correct answers in new examples.  

3.1. One-step fit of Linear Regression 

If we have a dataset matrix X and a vector of labels or answers Y, it is possible to build the following model: 

X·θ=Y             (1) 

It is possible to obtain the fitting parameters θ to construct a linear regression model in one single step, by 
using the Normal Equation method (Eq. 2).  

θ=X t ·X− 1 ·X t ·Y            (2) 

This method has several advantages. Obviously, one is that it is solved in a single step. Additionally this 
method does not require any optimisation parameter. The practical application of this method however, still 
has some caveats. On one hand, matrix X is not always invertible. For instance, in real systems, often some 
parameters are a linear combination of some other parameters in the system, making X non-invertible. The 
error involved in experimental measurement of the data also introduces difficulties in the stability of this 
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method. Finally, but not least important, the computational cost of obtaining the inverse of X grows rapidly with 
the size of the database. For these reasons, alternative iterative methods are often favoured.  

3.2. Iterative fit of Linear Regression 

A commonly used alternative to the Normal Equation method to obtain the fitting parameters in a Linear 
Regression is related to the Gradient Descent method. Gradient descent is an iterative method based on the 
obtention of the optimal set of θ parameters by the progressive reduction of the error function of the 
parametrisation of the Linear Regresion. This is obtained by varying the parameters θ following the first 
derivative of the error function, until the global minimum is reached.  

The gradient descent method has the advantage of being less computationally demanding, specially for large 
databases, than the Normal Equation method. Additionally, it does not suffer from stability issues related to 
the invertibility of the matrix X. However, it requires the optimisation of a learning parameter α, that define the 
step used in each iteration. 

Finally, the gradient descent method is also suitable to train Logistic Regression models (classification). 

3.3. Precision Comparison 

The results of training a model using the two methods presented above are presented in Table 1. The average 
error obtained over the training set is very similar, as well as that obtained when making predictions over 
unseen data (the test set). In both cases, and as it was expected, the result on unseen data is slightly worse 
but the increase in predictive error is small (<3%).  

Table 1 Linear Regression average train and test errors for both Normal Equation and gradient descent  
    methods. Gradient Descent method using α=0.3 and 5000 iterations 

Method Average  

Train Error 

Average  

Test Error 

Diff.(/%) 

Normal Eq. 0.00448497 0.00460893 2.76 

Grad. Desc. 0.00448732 0.00462049 2.97 

3.4. Artificial Neural Network Regression 

An Artificial Neural Network is a non-linear regression method remotely related to the operation of biological 
neurons. The inputs to a neural node are operated over an activation function and transferred as inputs to the 
next neural layer, and eventually produce the output Y.  

Different architectures of ANN are possible, by varying the number of hidden layers and number of nodes in 
each hidden layer, as well as the activation functions used in each of them. Commonly used activation 
functions are hyperbolic tangent, sigmoid and linear functions. Because of the non-linear nature of its 
transference function a neural network can capture interactions between the inputs and output that would not 
be possible using a traditional linear regression model. ANN are used both in regression and classification 
models [1 - 3, 5].  

3.5. Risk of Overfitting, Regularisation. 

Unfortunatelly, there are some risks with automated model fitting of which we need to be aware. Precisely 
because the fitting of the model is performed automatically, there is the need to ensure that the model 
describes the phenomenon of interest, and not the noise in the experimental data. It is a common mistake to 
fit increasingly complex models to a dataset, obtaining very good error scores, to discover later on that the 
model is unable to descrive unseen examples of the data (overfitting, or high variance fit, Figure 1c). The 
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oposite problem consists in having a overtly simple model (i.e. a model that does not include all the rellevant 
parameters) leading to a high bias fit (Figure 1a) [1 - 3, 5]. 

 
Figure 1 Finding the right balance during model fitting.  

a) High bias model (underfit). b) Balanced fit. c) High variance model (overfit) 

In the ANN examples produced, a degree of overfitting was detected (the error when making predictions on 
the test dataset was clearly larger than the error on the training set). Regularisation is a method to reduce high 
variance fit (overfit), by penalising the complexity of the model [1 - 3, 5].  

Table 2 Artificial Neural Network with minimal regulatisation (λ=1) and with regularisation(λ=75). In all cases,  
   one hidden layer and twice as many hidden units as input parameters 

Act. Funct. Reg. param. Train Error Function Test Error Function Diff.(/%) 

Lin/Lin λ=1 0.005596 0.0131382 134.78 

Tgh/Lin λ=1 0.00566931 0.0136643 141.02 

Tgh/Tgh λ=1 0.00568072 0.0138385 143.60 

Tgh/Tgh λ=75 0.0139584 0.0140113 0.38 

4. UNSUPERVISED LEARNING 

Unsupervised learning refers to the analysis of the data without providing any a priori target results. The 
analysis performed by an unsupervised model training process provides a new insight of the underlying 
structure of the data [1-3,5]. 

4.1. Anomaly Prediction  

In any industry it would be extremely useful to detect any deviation from the normal operations, before they 
produce any detrimental result, a faulty product or mechanical failure. Anomaly prediction tools are able to 
provide that warning in industrial applications [5,8-9].  

This is possible by training a multivariate probability distribution function out of the relevant process parameters 
and using it to detect any outliers in the behaviour of the system. By setting a tolerance threshold inferred from 
previously detected anomalies it is possible to infer if a current instance is beyond the normal functioning 
conditions. This method however, only gives warning of the existence of an outlier, but without informing what 
is unusual with it. Nevertheless, it allows to single out that speciffic instance for further quality tests, for 
instance. Or, it could be combined with a classification algorithm to predict the nature of the fault [3, 5].  

Within the purpose of this article, the system studied (creep rupture time data) is not really amenable to perform 
an anomaly prediction in the industrial sense. However, the multivariate probability distribution function has 
nevertheless been determined, and it allowed to rank the different datapoints in terms of likeliness, and for 
instance infer the difference in plausibility for each datum. Just as an example, say that the difference between 
most likely result to least likely one has been found to be of 58 orders of magnitude (1.98·10 −2 and  
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5.37·10 −61). That suggests a very skewed distribution with some outliers that would probably be worth studying 
in more detail.  

4.2. Cluster Analysis  

The information contained in a database presents a degree of variance (i.e. diversity). By grouping the data in 
a reduced number of clusters, each one containing only those datapoints with similar characteristics, the 
overall variance is reduced. Subsequent analysis of the clustering scheme may provide better understanding 
of the phenomena described by the data, as underlying independent cases will be isolated. However, although 
it is always possible to reduce further the variance of the whole dataset by subdividing it into smaller clusters, 
ultimately a clustering scheme assigning just one or a few datapoints to each cluster would not provide any 
additional information, so a trade-off needs to be achieved.  

 
Figure 2 Using Cost J as proxy for overall variance, this is plotted against different clustering schemes. In 

this case, a trade-off between variance reduction and reduced number of clusters suggest a clustering 
scheme including around 5 clusters 

 
Figure 3 Using the chosen 5 clusters some differences in the data become evident. In the case of Time to 

Rupture, each cluster includes only tests with a similar range of rupture time 
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The method groups the data in different combinations of groups or clusters, and determines the overall 
resulting variance for each case. This variance is compared for different clustering schemes in order to find a 
trade-off between variance reduction and reduced number of clusters.  

Applying this method to the MAP_DATA_CREEP_RUPTURE database, a clustering scheme including around 
5 clusters seems to be optimal. Using the chosen 5 clusters some differences in the data become evident. For 
instance, in the case of Time to Rupture, each cluster includes only tests with a similar range of rupture time. 

5. EXTRA EXAMPLES 

All of these techniques can be used independently, but their capabilities may also be combined to build more 
powerful tools. The possibilities are almost endless. 

For instance, in a prototype development factory, an Anomaly Prediction model may be used to detect outliers 
in the manufacturing process (and therefore, possible faulty components), and its output combined with a 
Logistic Regression (or Classification model) that classifies each of those possible anomalies into one of the 
several possible fault modes, significantly facilitating quality control procedures. 

Another example, involves the description (and prediction) of the outcome of a complex process or 
phenomenon. Cluster Analysis may be performed first, to identify a number of characteristic ’cases’ in the 
process. Then, when a Linear Regression or Artificial Neural Network is used to describe and make predictions 
on the outcome of the process, the clustering information may be used as an input parametre, reducing the 
variability in the data. If necesary, independent models for each cluster could be developed even.  

6. CONCLUSION 

A new project on Automated Model Fitting aimed to develop tools useful for industry and research has been 
presented. Many are the techniques and methods that can be included in labels like Expert Systems, Artificial 
Intelligence, Machine Learning, and others. In the end, many of those consist on automated methods to 
develop models describing some complex phenomenon, either with the aim of predicting some behaviour or 
to find the underlying structure in the data, and therefore reducing its variance. 

Two methods to train a Linear Regression have been presented, as well as an Artificial Neural Network model, 
and some of their advantages and disadvantages discussed. Unsupervised training has been exemplified with 
an Anomaly Prediction method and Clustering Analysis.  

The examples have been developed using a publicly available database on Creep Rupture test data, although 
some additional industrial project applications have also been suggested. 
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Abstract 

Management of non-renewable resources, including metals, is a key issue in the circular economy and one of 
the priorities of the EU's environmental policy. Life Cycle Assessment (LCA) is a technique for assessing the 
environmental impact in a product or technology life cycle which allows the estimation of metal, minerals and 
fossil fuels consumption, including both direct demand for them in the technological processes as well as 
indirect demand for them in the production of raw materials, materials and energy used in these processes. 
The analysis results of cumulative metal consumption in wastewater treatment system based on life cycle 
analysis are presented in this paper. In addition to economic issues, the use of methods to assess 
environmental performance at the stage of construction, operation and decommissioning of water and 
wastewater infrastructure is becoming more important in the wastewater economy. In this context, a new 
approach to the assessment of environmental aspects is the use of a life cycle analysis concept that allows 
the assessment of cumulative resource demands throughout the whole life cycle of a wastewater treatment 
system. The Life Cycle Impact Assessment (LCIA) of wastewater treatment system proposed in this paper 
allows the identification and assessment of its potential environmental impacts from the perspective of metal 
consumption. It has been shown that the LCA technique is an appropriate tool for assessing the cumulative 
metal consumption.  

Keywords: Metal depletion, natural resources management, wastewater treatment system, life cycle  
          assessment 

1. INTRODUCTION 

In the countries of the European Union, effective use of metals and fossil fuels is an important policy direction 
promoting sustainable development. According to the European Commission, securing the availability of 
resources through economical use and rational extraction is the objective of the flagship initiative within the 
strategy ‘Europe 2020’ [1], Europe effectively using resources that covers all types of natural resources. 
Limiting the use of non-renewable natural resources, including metals, is considered to be a key activity in a 
circular economy. The first step in reducing resources should be consumption assessment, so methods should 
be developed which allow such assessments, especially in the context of sustainable development 
assessment. For this assessment, a life cycle analysis technique can be used which serves to identify potential 
environmental burdens and it can be used to support environmental management, taking into account new 
guidelines for ISO 14001:2015 [2]. So far natural resources management were presented in the papers [3-5] 
and life cycle assessment were shown in the paper [6]. According to the European Commission's 
recommendations, the life cycle assessment should be one of the horizontal environmental criteria, which is 
primarily intended to reinforce the EU policy aimed at practical and measurable consideration of sustainable 
development principles. In the long term, this approach is intended to reduce the pressure on the environment 
by promoting measures that minimize the impact on the environment, among which it is important to reduce 
the use of natural resources, including metals. 

The main goal of the paper was presented potential of Life Cycle Assessment for assessing the cumulative 
metal consumption in the life cycle of a wastewater treatment system. 
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2. METHODS AND ASSUMPTIONS 

According to the life cycle assessment, impact categories related to material consumption, including metals, 
include their cumulative consumption (both direct and indirect). The materials analysed include i.a..: aluminium, 
chromium, copper, gold, lead, manganese, molybdenum, iron, nickel, platinum, rhodium, tin, uranium, zinc, 
gal, gold, lead, magnesium, mercury, nickel, niobium, phosphorus, platinum, potassium, selenium, silicon, 
silver, sodium, sulphur, tantalum, uranium, vanadium. Consumption of natural resources according to the life 
cycle assessment methodology is understood as their depletion, which is connected with the reduction of their 
availability for future generations. SimaPro 8 software and ecoinvent 3 database were used to evaluate metal 
consumption of the life cycle of the system. The ReCiPe Midpoint method developed by RIVM (Rijksinstituut 
voor Volksgezondheid en Milieu), PRé Consultants and Radboud Universiteit Nijmegen and CML (Instititute 
of Environmental Sciences) was used for cumulative metal depletion analyses [7]. In the ReCiPe Midpoint 
method, metal consumption in the life cycle of a product or technology is expressed as kg Fe eq. 

LCA analyses for the impact category of metal consumption were made for collection, transport and 
wastewater treatment system operating in a specific area, which consists of four components: 

1) Septic holding tanks in which wastewater is collected in an area without sewerage system and 
transported by waste removal vehicles to collective wastewater treatment plants, 

2) Individual wastewater treatment plants in which wastewater is treated in an area without sewerage 
system, and wastewater sludge generated there is transported by waste removal vehicles to the 
collective wastewater treatment plant [8]. 

3) Sewerage system together with pumping stations, transporting wastewater to the collective wastewater 
treatment plant. 

4) Collective wastewater treatment plant treating wastewater flowing through the sewerage system and 
transported by waste removal vehicles from septic holding tanks, as well as wastewater sludge from 
individual wastewater treatment plants. 

Life Cycle Assessment covered four stages (ISO 14040:2006) [9]: defining the purpose and scope of the 
analysis, collecting and analysing input and output data sets, impact assessment according to specific 
categories and interpretation of results. The analysis of the consumption of the analysed metals was carried 
out within the limits of the system, which covered all stages of the life cycle, i.e. construction, operation and 
decommission of analysed components of the system. To this end, all system components were identified and 
input and output elements were determined for each of them. For comparative purposes, all analyses were 
referred to the same functional unit. Functional unit (FU) is a quantitative effect of a system used as a reference 
unit. The functional unit (FU) of the analysed system is the Equivalent Number of Residents (1 RLM), which, 
in accordance with the regulations in force in the EU [10] and in Poland [11] is defined as a load of organic 
biodegradable substances expressed as an indicator of five-day biochemical oxygen demand (BZT5) of 60 g 
oxygen per day [11]. 

Data collection should cover the entire life cycle, i.e. from the acquisition of raw material through its processing, 
obtaining the final product to the disposal of waste. Based on the identified elements of the system, data 
inventory was carried out covering all stages of the life cycle of the waste collection, transportation and waste 
treatment system. Detailed inventory data have been presented in the work [12]. Full inventory of data based 
on the actual system operating in an area inhabited by about 60 000 inhabitants, allows the assessment of the 
direct and indirect components of the system on the environmental burden associated with the consumption 
of individual metals. The use of the ReCiPe 2008 method has allowed the calculation of cumulative metal 
consumption over the life cycle of the wastewater treatment system, so that the depletion of individual metals 
can be assessed taking into account the demand for particular technologies and products for raw materials 
and energy as well as resources for production processes. 
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3. RESULTS AND DISCUSSION 

Based on the collected and estimated data for the individual components of the collection, transport and 
wastewater treatment system, a comparative analysis was carried out and life cycle assessment was 
performed taking into account cumulative consumption of all metals (see Figure 1). The highest metal 
consumption indicator was shown for the stage of construction of collective wastewater treatment plants and 
septic holding tanks. 

 
Figure 1 Cumulative metal consumption of wastewater treatment system 

The analysis shows that 1 RLM within life cycle of the system consumes metals in the amount of 194.07 kg 
Fe 3q (for the users of septic holding tanks), or 168.34 kg Fe eq (for the users of both, sewerage system and 
collective wastewater systems), or 5.38 kg Fe eq (users of individual wastewater treatment plant) in the life 
cycle of the system. Metals consumed in the system life cycle (see Figure 2) are determined by the analysis 
of the types of metals consumed by the various components of the collection, transport and wastewater 
treatment system. In the case of septic holding tanks, the usage of metal in the life cycle of the system includes 
primarily four metals: manganese, iron, nickel and chromium. In the collective life cycle of the wastewater 
treatment plant, copper and chromium are consumed in the greatest amounts. On the other hand, in the life 
cycle of the sewerage system and individual wastewater treatment plants, the highest amounts of iron are 
used.  

Septic holding tanks contribute the most to metal consumption, including 205.69 kg Fe eq/FU at the 
construction stage, 1.88 kg Fe eq/FU at the operational stage, while at the decommissioning stage metal 
consumption indicator is -13.50 Kg Fe eq/FU. The value of the metal consumption indicator at the construction 
stage is determined primarily by the amount of steel used to reinforce the tank structures (90 %). The 
assessment of life cycle of decommissioning stage of septic holding tanks has shown that environmental 
benefits are connected with this stage through recycling of metals (reinforcing steel, stainless steel, cast iron, 
copper and aluminum) in the amount of -128.8 kg Fe eq/FU, recycling of concrete and aggregates in the 
amount of -4.37 kg Fe eq/FU, significantly outweigh the amount of metal consumption or through earthworks 
and storage of bituminous materials and plastics.  
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Figure 2 Comparison of metals used in system components throughout the whole life cycle  

Based on the life cycle analysis of collective wastewater treatment plant, it has been shown that it contributes 
to the consumption of metals in the amount of 157.11 kg Fe eq/FU, including 270.14 kg Fe eq/FU at the 
construction stage, and 20.07 kg Fe eq/FU at the operational stage, while at the decommissioning stage the 
indicator of metal consumption associated with their recycling is -133.11 kg Fe eq/FU. The value of metal 
consumption indicator at the construction stage is determined mainly by the amount of used: reinforcing steel 
(47 %) used in construction of buildings, copper (27 %), stainless steel (22 %) used in plant equipment (e.g. 
pumps) as well as concrete (3 %). 

The sewerage system contributes to the consumption of metals in the amount of 11.23 kg Fe eq/FU, including 
23.49 kg Fe eq/FU at the stage of construction, 2.16 kg Fe eq/FU at the operational stage, while at the stage 
of decommissioning, metal consumption indicator is -14.42 kg Fe eq/FU. The value of metal consumption 
indicator at the construction stage is determined primarily by the amount of: cast iron (58 %), asphalt (18.00 
%) and steel used for the needs of intermediate wastewater pumping stations. The other factors constitute 14 
%. The environmental assessment of sewerage system operational stage has shown that the value of metal 
consumption indicator is determined by the size and frequency of reclamation of the sewerage system (69 %) 
and the amount and type of the electricity consumed (30 %). Relatively high share of energy in metal 
consumption as part of operational stage of sewerage system can be attributed to the large number of 
intermediate wastewater pumping stations in the system and covering 100 % of electricity demand from the 
power network. The life cycle assessment of the sewerage system showed that the decommissioning stage 
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has environmental benefits in the amount of 14.42 kg Fe eq/FU resulting from the recycling of galvanized steel, 
copper, cast iron and stainless steel. 

Individual wastewater treatment plants contribute to the consumption of metals in the amount of 5.38 kg Fe 
eq/FU, including 9.47 kg Fe eq/FU at the construction stage, 1.79 kg Fe eq/FU at the operational stage, while 
at the stage of decommissioning, metal consumption indicator is -5.88 kg Fe eq/FU. The value of the metal 
consumption indicator at the construction stage is determined primarily by the amount of used: stainless steel 
(about 27 %) and copper (14 %) in biological reactors and cast iron for manhole covers (22 %). It should be 
noted that the consumption of metals at the stage of construction of individual wastewater treatment plants is 
small. 

Based on the carried out assessment of the life cycle of the system, it has been shown that the highest amount 
of metal is used for the construction of septic holding tanks and wastewater treatment plants for reinforcement 
structures, concrete and technological equipment of collective wastewater treatment plants. The smallest 
metal consumption is associated with individual wastewater treatment plants. 

4. CONCLUSION 

Based on the LCA analysis, the processes, raw materials and materials have been identified, which are 
characterized by the highest indicator of metal consumption in the life cycle of the wastewater management 
system. The highest consumption of metals (including manganese, iron, nickel and chromium) was found for 
the stage of construction of septic holding tanks. High metal consumption has also been demonstrated for the 
collective wastewater treatment plant. In the case of all the system components, it has been shown at the 
decommissioning stage that recycling is an environmental benefit for metal consumption, while earthworks are 
the factor of a negative impact. 

In line with the principles of sustainable development and circular economy, efforts should be made to reduce 
the consumption of non-renewable resources, including the use of metals and fossil fuels. The first step in this 
direction is to assess the cumulative consumption of non-renewable natural resources. Based on the 
conducted analyses it has been proved that the LCA technique can aid decisions concerning the reduction of 
metal consumption in life cycle, which from a strategic point of view is an important approach to the problem 
of limited access to resources. 

The paper presents a significant problem which is the depletion of metal resources as a result of their utilization, 
among others, in wastewater management systems. The identification of metals necessary in the system of 
collection, transportation and wastewater treatment as well as the assessment of these resources consumption 
is the basis for making decisions regarding the reduction of natural resources consumption in urban 
engineering. The use of life cycle assessment enables full identification and inventory of cumulative metal 
resources consumption. The paper points to the possibility of using the LCA as an appropriate tool for 
assessing metal consumption in wastewater management systems and shaping a resource-limited strategy 
taking into account the closed-loop paradigm. 
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Abstract  

The paper deals with the evaluation of experimental data on samples of steel wire. The main attention is aimed 
at the R&R study, which was a part of the experiment for studying effects of three factors on various mechanical 
properties of drawn wires. The experiment was performed in the wire drawing laboratory at VSB - Technical 
University of Ostrava. Samples of wire were tested for tensile, torsion and bending fatigue. Several operators 
took part in the experiment. Due to the destructive character of tests, a nested design was considered. The 
R&R study revealed that the mechanical properties along the wire length were not uniform and that the key 
assumption of the destructive-test analysis was not met. Since the employed scheme of assigning drawn wires 
to operators led to confounding of effects and made the further analysis dubious, another arrangement for this 
type of experiment is suggested in the paper. Apart from the R&R analysis, statistical methods of evaluation 
that take the real experimental pattern into account are discussed. The method based on means is applied 
and significant effects are identified. 

Keywords: Destructive tests, nested design, R&R study, ANOVA 

1. INTRODUCTION  

Assessment of the quality of measured data is an important part of their evaluation and therefore the 
measurement system analysis should precede any data-based decision making. A measurement system is 
characterized by its stability, bias, linearity and precision [1]. To evaluate individual properties of the 
measurement system, special experiments are used [2]. The precision of a system is evaluated in terms of 
repeatibility and reproducibility. Repeatibility is the ability of an operator to consistently repeat the same 
measurement of the same part, using the same gage, under the same conditions, while reproducibility is the 
ability of a gage, used by multiple operators, to consistently reproduce the same measurement of the same 
part, under the same conditions. The aim of the R&R study is to assess the two sources influencing precision 
of experimental results [3]. Most commonly a cross study is used, when multiple operators measure several 
parts, each of them repeatedly. It is assumed that the parts do not undergo any changes during the experiment.  

When destructive tests are used, repeated measurements cannot be realized. Two experimental designs are 
recommended to cope with the situation [4]. It is assumed that experimental units used in the experiment come 
from several batches and that the units from the same batch are very similar. Then tests carried out on the 
units from the same batch mimic repeated measurements on the same part.  

The paper deals with tests for torsion. Drawn wires were produced under different conditions and effects of 
three factors on the number of cycles to failure were examined through a factorial experiment. The R&R study 
was a part of this experiment. Apart from the interpretation of results, some recommendations regarding both 
a suitable experimental design and correct methods of evaluation are suggested.  

2. EXPERIMENTAL DESIGN FOR A DESTRUCTIVE R&R STUDY 

Suppose experimental units come from batches, units from the same batch are very similar as compared with 
the units from different batches and several operators take part in the experiment.  
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Two scenarios are possible [4]: 

 Batches are randomly assigned to each operator, there are several units in each batch (nested design). 
 Batches are large enough so as each operator can measure units from all batches (crossed design). 

Further only the nested design, according to which the experiment was carried out, is considered. 
Usually three levels of variation are examined; variation between operators, between parts, and between 
repeated measurements on the same part taken by the same operator. In the nested R&R study, batches 
(factor B) are used instead of the parts, and measurements on samples from the same batch replace the 
repeated measures on the parts. Levels of B are nested within levels of factor O (operators). Both factors are 
considered random and the ANOVA model with random effects [5] is used for evaluation 

( )ijk i j i ijky o b e      (1) 

where yijk denotes the value on the k-th sample within the j-th batch obtained by the i-th operator, i = 1, 2, ..., 
I, j = 1, 2, ..., J, k = 1, 2, ..., r,  is an unknown constant representing the grand mean, oi, bj(i) and eijk are random 
variables with zero means and variances 2

o , 2
b , 2 , respectively. Total variance 2var( )ijk Ty   can be broken 

into three components due to 

 batch-to-batch variation, 
 operator variation (reproducibility), 
 within-batch variation, 

2 2 2 2var( )ijk T o by          (2) 

In the corresponding ANOVA table (Table 1) the expected values of mean squares are added to indicate 
how the variance components are determined. 

Table 1 ANOVA, nested design  

Source  Sum of squares Degrees of freedom Mean square Expected value of MS 

Operator SSO I - 1 SSO / (I - 1) 2 2 2
o bJr r     

Batch (Operator) SSB(O) I (J - 1) SSB(O)/ [I (J - 1)] 2 2
br   

Residual SSE IJ(r - 1) SSE / [IJ(r - 1)] 2  

Total SST IJr - 1   

Sum of squares are calculated according to known formulas, see e.g. [5]. Equating each of the expected value 
to the adjacent mean square, the estimates of variance components are obtained 

2ˆ
( 1)
SSE

IJ r
 

      

( )2 21ˆ ˆ
( 1)

B O
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r I J

 
 

   
      ( )2 1ˆ

1 ( 1)
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Jr I I J


 

    
  (3) 

Based on the estimated within-batch variance 2 , control charts for the batch means and ranges or standard 
deviations are constructed. The aim is to check the homogeneity of within-batch variation and to analyze 
possible differences between operators or batches. For the measurement system to be acceptable, all points 
in the s chart should fall within the control limits and most points in the X chart should lie outside the control 
limits. The construction of the centre line and control limits is described e.g. in [6] or [7].  
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3. R&R STUDY  
Steel alloy wiredrawn products such as tyre cords, springs and ropes are widely used in industry. All these 
products are highly stress-exposed elements of mechanical systems and therefore the knowledge of their 
mechanical properties is extremely important. The R&R study was a part of the experiment conducted in 
collaboration with the laboratory of the Department of materials forming. The experiment was initiated by the 
introduction of a new wire drawing machine and the consequent effort to optimize its adjustment to achieve 
the best product from the mechanical point of view. The aim of the experiment was the examination of factors 
affecting mechanical properties of drawn wires. The effects of the size of partial reduction (factor A), the way 
of removing scales (factor B), and the angle of tapered section of drawing die (factor C) were studied. For this 
purpose, twelve samples (batches) of drawn wire with the final diameter of 2.5 mm were produced from 5.5 
mm thick rolled rods by the straight-through single-block KOCH KGT 25 - E wire drawing machine under 
different experimental conditions (Table 3). Together with the study of stress and strain, the torsion and reverse 
bending tests were performed as the cyclic plasticity rupture tests and the number of loading cycles to the loss 
of material integrity (iniciation and growth of fatigue cracks) under different experimental conditions was 
examined.  

The aim of the R&R study was to evaluate the accuracy and consistency of experimental results. In this paper 
only the torsion test results obtained by three operators are analysed. Twelve wires (batches) were divided 
between three operators according to the scheme in Table 3 and ten samples from each wire, i.e. 120 samples 
in total, were tested. Details are given in [8]. 

Table 2 Factor levels  

Factor 
Levels 

-1 0 1 
A Reduction 23.05 % 27.04 % 32.57 % 
B Descaling Mechanical   Chemical 
C Angle 8 °   12 ° 

A)  Partial reduction Qd (%) - the amount of cross-section reduction per pass.  
B)  Angle of the tapered section of a drawing die 2α - the basic shape parameter of the deformation zone 

which affects the distribution and character of deformation of the wire. 
C)  Method of descaling - During cooling after hot-rolling, the surface of the wire becomes covered by a 

layer of iron oxides - scales, which must be removed prior to drawing. 

Table 3 Experimental design  

Operator  Batch  
Factor levels 

A B C 
1 1 1 -1 -1 
2 2 0 -1 -1 
3 3 -1 -1 -1 
1 4 1 1 -1 
2 5 0 1 -1 
3 6 -1 1 -1 
1 7 1 -1 1 
2 8 0 -1 1 
3 9 -1 -1 1 
1 10 1 1 1 
2 11 0 1 1 
3 12 -1 1 1 
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The results of ANOVA are shown in Table 4. Variances 2
o , 2

b , 2 estimated using formula (3) are displayed 
in Table 5 together with their contribution to the total variance 2

T .  

Apart from variances, standard deviations and their relative size in comparison with the total standard deviation 
are displayed.   

Table 4 ANOVA, Statgraphics   

Source Sum of Squares Df Mean Square F-Ratio P-Value 

Operators 176.467 2 88.2333 3.75 0.0654 

Batches (O) 211.8 9 23.5333 3.19 0.0265 

Residual 795.6 108 7.36667   

Total 1183.87 119    

The R&R variance of 8.98 (see Table 6) comprises a larger part of the total variance, which is 10.60. The 
major source of the R&R (82 %) is repeatibility. Based on this value, the measurement system is found 
inadequate since the contribution of R&R is much greater than 30 %, which is the maximum acceptable value 
according to [1]. However, since the repeatibility cannot be separated from the within-batch variation, it is more 
likely that the large variation results from nonuniform mechanical properties along the wire length due to an 
imperfect technology of the wire production.  

Table 5 Gage Repeatability and Reproducibility Report, Statgraphics   

Measurement Estimated Percent Estimated Percent Percent 

Unit Sigma Total Variation Variance Contribution of R&R 

Repeatability 2.71416 83.3615 7.36667 69.4914 82.00 

Reproducibility 1.27181 39.0618 1.6175 15.2582 18.00 

R & R 2.99736 92.0596 8.98417 84.7496 100.00 

Parts 1.27148 39.0517 1.61667 15.2504  

Total Variation 3.25589 100.0 10.6008   

 
Figure 1 R&R plots, Minitab 
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Two components of variation can be further analyzed by means of plots in Figure 1. Not only that batch 7 is 
above the upper limit of the s-chart but all measurements taken by operator 1 lie above the centre line and 
indicate either poorer skills of this operator or a higher within-batch variation due to the production technology.   

The control limits in the -X chart are based on the repeatibility standard deviation and too many points falling 
within the limits mean that the batches cannot be properly distinguished. Both control charts and both box plots 
in Figure 1 indicate that the measurements on batches 1, 4, 7, 10 taken by the first operator and the 
measurements on batch 11 taken by the second operator are higher and more scattered than the rest of 
observations and therefore the cause should be identified. Greater variation seems to be related to the higher 
level of measurements. Unfortunately, the different performance of the first operator cannot be explained 
unambiguously due to the experimental design which had been chosen (Table 2). The effect of factor A is 
confounded with the effect of operators; it cannot be decided whether the higher level and the higher variability 
of batches 1, 4, 7, and 10 results from the different operator skills or from the fact that factor A was at its lowest 
level.   

4. ANALYSIS OF THE FACTORIAL EXPERIMENT  

It should be noted that the experiment was unreplicated; ten samples from each batch do not represent true 
replications since they were obtained during a single treatment. In this case either the mixed-effect model [9] 
or the solution based on batch averages should be used [10]. The latter method was chosen since it does not 
require software with implemented mixed-effect models. The disadvantage of this method is a small number 
of degrees of freedom. If all interaction effects are included, no degrees of freedom remain for the experimental 
error estimation. To be able to test hypotheses about factor effects, some interactions must be pooled with the 
experimental error, i.e. excluded from the ANOVA model. Based on the stepwise method, insignificant 
interaction terms were excluded and from the main effects only those of factors A and B appear to be significant 
(Table 6). 

Table 6 ANOVA, unreplicated design   

Source Sum of Squares Df Mean Square F-Ratio P-Value 

MAIN EFFECTS      

 A: Partial reduction 17.6467 2 8.82333 8.44 0.0107 

 B: Removing scales 12.8133 1 12.8133 12.25 0.0081 

RESIDUAL 8.36667 8 1.04583   

TOTAL (CORRECTED) 38.8267 11    

5. CONCLUSION 

Differently from the common R&R study where the same parts are measured repeatedly, repeatibility variation 
cannot be separated from the within-batch variation in destructive tests. The small value of R&R variation 
confirms the appropriatness of a measurement system, but in the case of an unacceptably great repeatibility 
no conclusion related to the measurement system capability can be made. 

Commonly, batches are considered random levels of factor B and they are divided between operators 
randomly. In the presented study the batches were defined by different treatments corresponding to the 
factorial design. In this case, operators must be included as another factor, which means that their shifts must 
be planned conscientiously so that their effects are not confounded with effects of the examined factors. 
Instead of matching operators and levels of factor A, all operators should test several samples of wire from the 
same batch. For example, in the case of 9 samples taken from each batch, every operator would test 12·3 = 
36 samples in total and the design could be considered a crossed design.  
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The great within-batch variation may not be a problem in data evaluation if the number of samples from each 
batch is sufficient. To analyse experimental results correctly, data from each batch are represented by the 
batch average. In replicated experiments, sufficient degrees of freedom are left to test factor effects. In 
unreplicated experiments either high-order interactions are excluded from the model or, in the case of two-
level factors, the Lenth's method based on pseudo standard error can be used. Another possibility is the use 
of a mixed-effect model, where batches are included as a random-effect factor, but the analysis requires a 
suitable software. Consequently, to make the analysis easier, two levels of experimental factors should be set 
and the experiment should be replicated, which means that at least two batches should be produced by the 
same treatment. The factorial design in randomized blocks would be suitable; all possible treatments would 
be comprised in each block and the blocks could correspond to different operators. The number of samples in 
each batch could be smaller. In this way, using roughly the same number of experimental units, the evaluation 
efficiency would significantly increase.  
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Abstract 

Industrial processes consume large quantities of fuel and electricity that ultimately produce heat, much of 
which is typically wasted to the atmosphere. Re-using of this waste energy within manufacturing process is 
the optimal solution. Within is a research project PITAGORAS co-funded by the European Commission framed 
into the “FP7 - Smart Cities program” a large scale pilot plant has been built and commissioned for production 
of electricity (ORC technology) and heat for central heating system of a town. This contribution describes the 
general economic evaluation of return on investment for similar technology within the steel industry in Czech 
Republic. 

Keywords: Metallurgy, waste heat, ORC technology, central heating system, economic model 

1. INTRODUCTION 

Most waste-heat-recovery devices transfer heat from a high-temperature effluent stream to a lower-
temperature input stream. Waste heat can also be utilized by using hot gases to produce steam through a 
turbine, to generate electricity. Particularly in the metallurgical industry with high energy consumption there 
are many possibilities to use these “green” technologies [1]. 

Within is a research project PITAGORAS a large scale pilot plant has been built and commissioned for 
production of electricity (ORC technology) and heat for central heating system of a town. The aim of the paper 
is to develop a general economic model for evaluation of return on investment for similar technology within the 
steel industry in Czech Republic. 

2. TECHNICAL PARAMETERS OF THE PROJECT PITAGORAS  

In the frame of the European funded PITAGORAS project (FP7, Smart Cities Programme) a large scale pilot 
plant based on ORC technology has been built and commissioned for electricity and heat production using 
waste heat from fumes of an electric arc furnace (EAF) in a steel mill in Brescia (Italy). The plant was 
successfully commissioned on October 2016 and has a recovery potential of 9.1 MWt and produces electricity 
in summer (1.800 kWe) and district heat in winter (10MWt).  

Figure 1 shows a block diagram of the demo plant in Brescia. The source of the waste heat to be recovered 
is the flue gas from the electric arc furnace installed at the steel mill. The flow rate of the flue gas varies over 
the course of the batch operation of the furnace. During the melting phase about 100.000 Nm³/h are available, 
during the tapping phase this flow rises to about 150.000 Nm³/h while the temperature drops to about 300 °C. 
The flue gas temperature averages to about 500 °C. This hot flue gas is then led into the waste heat recovery 
unit, designed and installed by Tenova S.p.A., where it is cooled down to about 200 °C by evaporating water 
and creating saturated steam as an energy carrier.  

The steam produced is then fed into a steam accumulator with a volume of 150 m³, which serves as a buffer 
storage to equalize the fluctuations in the steam production caused by the batch operation of the EAF to 
guarantee optimal operation of the downstream processes. 
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Further usage of the steam depends on the time of the year: during summer periods (mid-April to mid-October) 
steam is used to power a water-cooled ORC-Module, designed and installed by Turboden S.p.A., for electrical 
power generation with a nominal power of 1.8 MWe to partially cover the electric own demand of the steel mill. 
During the winter periods (mid-October to mid-April) the steam is fed to two heat exchangers with a nominal 
power of 10 MWt in order to provide heat to the district heating system of the city of Brescia operated by a2a 
energia S.p.A. This mode of operation has been considered the most appropriate and efficient taking into 
account the specific boundary conditions of the plant as well as the heat delivery contract with a2a energia. 

 
Figure 1 Concept scheme of the whole process 

3. GENERAL ECONOMIC MODEL FOR EVALUATION OF RETURN ON INVESTMENTS 

Based case studies for steel producers in the Czech Republic [2] and Slovakia [3] the general economic model 
for evaluation of return investments was created. This economic model provides the first approximation of a 
simple return on investment for potential investors. The model is primarily designed for metallurgical industry 
within the Czech Republic nevertheless it can also be used in other EU countries. 

The economic model for the simple return on investment counts with two variants. Namely option A (only 
electricity generation) and option B (electricity generation and heat for district heating). This economic model 
consists of two parts. The first part defines the technical and production parameters. In the second part there 
is a model and calculation of a simple return on investment with respect to the ORC project. 

Table 1 defines the average annual technical parameters of ORC project. First, with a steam boiler and steam 
accumulator input power is defined. The result of these parameters is the output power, which is actually the 
input power for the ORC device for the production of only electrical energy (option A) and for the production of 
electricity and heat (variant B). Based on this efficiency we obtain different values of output power for both 
variants. Average annual electricity production and average annual heat production (for both options) is 
calculated from the output power and the volume of annual operating hours.  
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Table 1 The average annual technical parameters of an investment within the ORC project 

Specification of the technical and production 
parameters of the investment 

Unit of 
measure 

Option A  
Only production 

of electricity 

Option B   
Production of 

electricity + heat 
Row 

WHRU + 
Steam Accum. 

Installed power 
Input MW t 12.36 10.36 1 
Efficiency % 70 70 2 
Output MW t 8.65 7.25 3 

Operating hours of the year Hours 8 400 8 400 4 
Annual output MWht 72 660 60 900 5 

ORC                                  
production of 

electricity 

Installed power 
Input MW t 8.65 7.25 6 
Efficiency % 19.42 19.31 7 
Output MWe 1.68 1.40 8 

Operating hours of the year Hours 8 400 8 400 9 
Annual output  MWhe 14 112 11 760 10 

ORC                  
production of 

heat 

Installed power 
Input MW t - 7.25 11 
Efficiency % - 47.59 12 
Output MW t - 3.45 13 

Operating hours of the year Hours - 4 800 14 
Annual output MWht - 16 560 15 

Table 2 Economic model of simple return on investment within the project ORC 

Specification of the technical and production 
parameters of the investment 

Unit of 
measure 

Option A  
Only production 

of electricity 

Option B   
Production of 

electricity + heat 
Row 

Total construction and machinery investment 
expenses Thous. € 5 500 5 200 16 

Average 
annual 

revenues and 
savings from 

operating 
investments 

Annual savings on the purchase of 
electricity 

MWhe 14 112 11 760 17 

€/MWhe 80 80 18 
Thous. € 1 129 941 19 

Annual revenues from heat sales 
MWht 0 16 560 20 
€/MWht 0 19.1 21 
Thous. € 0 316 22 

Annual savings on emission 
allowances for CO2 

 
 

tCO2/MWeh 1.6 1.6 23 

Tons 22 579 18 816 24 
€/t CO2 13 13 25 
Thous. € 294 245 26 

Total annual revenue and savings Thous. € 1 423 1 502 27 

Average 
annual 

expenditure 
on operating 

an investment 

Annual maintenance costs  Thous. € 20 20 28 

Annual operating expenses  
Hours 400 400 29 

€/Hour 15 15 30 
Thous. € 6 6 31 

Annual costs - other direct costs Thous. € 4 4 32 
Total annual operating expenses Thous. € 30 30 33 

Average annual cash flow from the operation of 
the investment Thous. € 1 393 1 472 34 

Simple return on investment Years 3.95 3.53 35 

Defined values                                             Assumed values                                                 Calculated values 
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Table 2 shows an example of an economic model for calculating a simple return on investment (for both 
options A and B). Firstly, the total construction and machinery “investment costs” are defined. Subsequently, 
calculations of the average annual revenues, savings in investment and operation of average annual 
expenditure on operating investments are made for both options (A and B). Based on the difference of these 
values, the average annual Cash Flow is calculated from the operation of the investment within both variants. 
The result of this table is the calculation of a simple return within variants A and B. 

Under the term Defined values we mean values of the input parameters, which are defined within a specific 
investment project. Under the term Assumed values we mean values which were already defined or calculated. 
Formulas used in the economic model are described below. 

Calculation of output power for rows 3, 5, 8 a 13: 

OP = IP x E (1) 

OP - Output power (MW), IP - Input power (MW), E - Efficiency (%) 

Annual electricity production - row 10: 

APe = OPe x H (2) 

APe - Annual electricity production (MWhe), OPe - Output power electricity from ORC (MWe), H - Operating 
hours of the year (hours) 

Annual heat production - row 15: 

APt = OPt x H (3) 

APt - Annual heat production (MWht), OPt - Output power heat from ORC (MWt), H - Operating hours of the 
year (hours) 

Calculation of the annual savings for the purchase of electricity - row 19: 

ASe€ = APe x PRe (4) 

ASe€ - Annual savings for the purchase of electricity (Thous. €), APe - Annual electricity production (MWhe), 
PRe - Price of electricity (€/MWhe) 

Calculation of annual revenue for heat sales - row 22: 

ARt€ = APt x PRt (5) 

ARt€ - Annual revenue for heat sales (Thous. €), APt - Annual heat production (MWht), PRt - Price of heat 
(€/MWht) 

Calculation of annual emissions of CO2 - row 24: 

APco2 = APe x Mco2 (6) 

APco2 - Annual production of CO2 (tons), APe - Annual production of electricity (MWhe), Mco2 - Specific content 
of CO2 per produced MWh of electricity- row 23 (tCO2/MWhe) 

Calculation of annual cost savings for emission allowances for CO2 - row 26: 

ARco2€ = APco2 x PRco2 (7) 

ARco2€ - Annual revenue for emission allowances for CO2 (Thous. €), APco2 - Annual production of CO2 (tons), 
PRco2 - Price of emission allowances for CO2 (€/tCO2) 

Average total annual revenue and savings from operating an investment - row 27: 

AAR€ = ASe€ + ARt€ + ARco2€ (8) 
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AAR€ - Average total annual revenue and savings from operating an investment (Thous. €), ASe€ - Annual 
savings for the purchase of electricity (Thous. €), ARt€ - Annual revenue for heat sales (Thous. €), ARco2€ -
Annual savings for emission allowances for CO2 (Thous. €) 

Calculation of annual expenses for operating the investment - row 31: 

AE€ = Ch x HR (9) 

AE€ - Annual expenses of operating the investment (Thous. €), Ch - Capacity of hours needed for annual 
service operation of the investment (hours), HR - Hourly rate of operating the investment (€/hour) 

Average total annual operating expenses of the investment - row 33: 

AAE€ = AM€ + AE€+ AC€ (10) 

AAE€ - Average total annual operating expenses of the investment (Thous. €), AM€ - Annual maintenance 
costs - row 28 (Thous. €), AE€ - Annual expenses of operating the investment (Thous. €), AC€ - Annual 
expenditure on other direct costs - row 32 (Thous. €) 

Average annual Cash Flow from operating an investment - row 34: 

AACF€ = AAR€ - AAE€  (11) 

AACF€ - Average annual Cash Flow from operating an investment (Thous. €), AAR€ - Average total annual 
revenue and savings from operating an investment (Thous. €), AAE€ - Average total annual operating 
expenses of the investment (Thous. €) 

Calculation of simple return on investment - row 35 [4]: 

RI = TE€ / AACF€ (12) 

RI - Simple return on investment (years), TE€ - Total construction and machinery investment expenses - row 
16 (Thous. €), AACF€ - Average annual Cash Flow from operating and investment (Thous. €) 

4. DISCUSSION 

The proposed general economic model defines the basic conditions for calculating the economic return on 
investment in this technology (waste heat utilization for production of electricity and heat). This model serves 
for a quick and simple calculation of the simple return on invested funds based on variable input conditions.  

If the results of this general model are acceptable, it may proceed to a more detailed processing of input and 
output information. Consequently, the dynamic methods of investment evaluation (mainly calculation of the 
discounted return time, net present value and internal yield percentage) can be applied. Conversely, if the 
calculated payback time is unacceptable it makes no sense to go into dynamic methods because these results 
will always be worse due to the discounted value of the investment funds [5]. 

For the overall evaluation of the investment project it is very convenient to work with more investment options. 
Then we can compare and choose technically and economically the best option [6]. Variants A and B in 
Tables 1 and 2 is an example of this procedure. 

In order to define the benefits, it has to be stated that in the case of power generation the situation is simple. 
This power generation replaces the purchase of electricity so that the annual contribution is based on the 
annual electricity produced at the purchase price of the electricity (In Table 2 is calculated the price of 80 
€/MWhe). More complicated is the situation of heat production, especially with the appreciation of the heat 
produced in this way. For this case Table 2 shows the price of 19.1 €/MWht based on the sales price of heat 
purchased by the heat distributor. This condition occurs when the thus generated heat cannot be efficiently 
consumed directly by the investor or a potential end user, i.e. if there is enough waste heat that is already 
consumed in a process and also to heat water.  
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In case whereas the heat produced would replace heat purchased (or by direct heat and water production by 
standard technologies) then the heat produced could be valued by the heat supplied by the distributor (which 
is approximately 70 €/MWht or more). Alternatively, the heat produced in this way could be valued as a result 
of replacing the consumption of primary sources for its production (electricity or natural gas) which also comes 
at around € 70/MWht. 

In this case the heat production would be valued at 70 €/MWht instead of the original 19.1 €/MWht, then the 
return on investment would be reduced to 2.25 years compare the original 3.53 year. 

5. CONCLUSION 

Within the PITAGORAS project a large scale ORC plant has been built and commissioned. It is one of the few 
installations in Europe which couples electricity production by an ORC unit with heat delivery to a DH network. 
The presented economic model shows that, in the case of application within the Czech Republic, the return 
period of the investment could range from 3.5 to 4 years. This successful pilot project can inspire many of 
metallurgical plants not only in the Czech Republic but also in other EU countries. 
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Abstract  

This article is supposed to take into account the usage of business intelligence tools for metallurgical 
production control systems. Artificial intelligence tools, not only the popular method of data mining, are 
currently necessary for the control systems, and they are supposed to be used also for any heavy industry, 
including metallurgy. It is expected that the ratio of usage of fuzzy sets, expert systems and other available 
means of artificial intelligence, which include also artificial neural networks, will be significantly increased also 
for metallurgical processes wherever it is feasible and economically acceptable. This article is focused to 
Neural Networks and their usage for Control of Heating Furnace. 

Keywords: Artificial Neural Networks, Business Intelligence, Control of Heating Furnace, Data Mining 

1. INTRODUCTION 

Combination of data mining, artificial intelligence (AI) and neural networks with classic mathematical 
description, including regress and statistical analysis in order to correct a wrong prediction of AI tools, can be 
seen as beneficial. The failure of certain quantities’ impact can be considered as the behaviour weakness of 
many models [1]. In the range of industrial reheating furnaces the data describing the material reheating 
process are stored in various kinds of industrial databases. For reconstruction of real state of furnaces an 
approach based on Turring’s machines can be used. The basic ideas will be used for reconstruction of standing 
material in the furnace and describing this idea could be a goal of this paper. 

Monitoring and control systems collect for the purpose of monitoring a number of operational data. These 
systems construct their databases as easily as possible; each trend is usually stored in a separate table. Data 
in the tables are stored in two basic principles, either periodically after a preset time interval or after a certain 
event - change of a variable value. But this leads to redundancy. The solution could be to store each reference 
variable in a separate table. Many systems use their own mechanisms for storing data that combine both 
periodic data storage and storage management using a change of value. These data must be pre-processed 
before deploying data mining [2] and before using them for optimizing the heating control system due the 
neural network use. 

2. DATA ACQUISITION AND PRE-TREATMENT OF DATA 

From the scanned data it is necessary to select those that are important for further processing and eventually 
to derive additional data that describe the environment of heated contislab (position, temperature of the furnace 
environment in a given position). Furthermore, it is necessary to select the appropriate contislabs from the 
database to determine times of moving the contislab from one position to the next position and assign to these 
events corresponding flow rates of the heating medium and the temperature. 

The next step (using genetic algorithms) is to determine the constants that indicate direct contribution of heat 
generated by combustion of the heating medium and the contribution, which forms a heat transfer between 
the furnace lining and the heated contislab. Already mentioned use of genetic algorithms is described in the 
next chapter [3]. 
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For the prediction of the behaviour of metallurgical production system we can utilize in the first step data 
mining. Data mining is a general term for different data analysis methods, usually with AI utilization. The data 
mining process is based on the originally tableted or otherwise arranged information. Finding of the 
connections mentioned in those data can be considered as the end; they can be then used as a pattern/sample 
for the future similar or identical situations [4]. 

If we take into consideration the technological processes of metallurgical production, either from the 
operational analysis point of view or just technical point of view, we must mention that the omitted parameters 
can have an impact in the moment of the changed surroundings in which the systems operate or in the moment 
of model object’s change. 

 It can be said that these systems construct their database tables and even the whole database system as 
simple as possible. Data in the tables are stored according to two basic principles, either periodically after a 
pre-set time interval, or after a certain event - change of a variable value. This, however, leads to redundancy 
and some kinds of non-consistency of the database.  

Solution of this issue would be to store each reference variable in a separate table and to store all necessary 
values. Analysing these problems may be very complicated. Many systems use their own mechanisms for 
storing data that combine both periodic data storage and storage management using a change of value. For 
these reasons these data must be pre-processed before deploying data mining techniques. [2]  

2.1. Database of the reheating furnace control system 

For the rotary heart furnace, the positions of material are stored in different tables. The data from these tables 
are not consistent at all. Some techniques of data mining pre-processing can be used, how it is described in 
the following text. 

 
Figure 1 Timeline of the furnace step. Source: [1] 
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The record „Position“ keeps the information about current furnace setting; this information is updated each 5 
minutes. From those data it is possible to get the information whether any activity in the furnace happened or 
not. For two following records of bloom positions three possibilities can be identified:  

 Movement of material have not happened; 
 Material has moved forward; 
 Material has moved backward;  

The Figure1 shows the timeline which includes times Position from the record (Position marking milestones 
round). Moments of furnace rotation (double arrows labelled Empty input) are not part of any record; they can 
be only assessed from the Position record. A simple triangle is a record entry from record Billets (labelled 
Input). 

3. THE USE OF GENETIC ALGORITHMS 

Genetic algorithms (GAs) are a powerful search algorithms that performs an exploration of the search space 
that evolves in analogy to the evolution in nature. The power of GAs consists in only needing objective function 
evaluations. So derivatives or other auxiliary knowledge are not used. Instead probabilistic transition rules of 
deterministic rules, and handle a population of candidate solutions (called individuals or chromosomes) that 
evolves iteratively are used. Each iteration of the algorithm is called generation. The evolution of the species 
is simulated through a fitness function and some genetic operators such as reproduction, crossover and 
mutation [5]. 

The fittest individuals will survive generation after generation while also reproducing and generating offspring’s 
that might be stronger and stronger. At the same time, the weakest individuals disappear from each generation. 
Individuals must be encoded in some alphabet, like binary strings, real numbers, and vectors and other. In a 
practical application of genetic algorithms, a population pool of chromosomes has to be installed and they can 
be randomly set initially. In each cycle of genetic evolution, a subsequent generation is created from the 
chromosomes in the current population. The cycle of evolution is repeated until a termination criterion is 
reached. The number of evolution cycles, or a predefined fitness value can set this criterion. 

 
Figure 2 Data preparation and application of genetic algorithms. Source: (own) 
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The principle of genetic algorithms is that in the initial phase is generated a default population (generation), 
each individual of this population is characterized by a specific combination of genes that determine ultimately 
behavior of examined model. They can therefore be considered as parameters of a general criterion function, 
which is later used to select the individuals of appropriate generation. Choosing the most appropriate 
individuals within the meaning of criterion values through crossbreeding methods, respectively mutation, 
creates a new generation containing the same number of individuals, but with modified genes. These in turn 
are used to evaluate the criterion function and the process is repeated until the setpoint of the behaviour of the 
objective function (model) is reached. This shows the cycle on the right side of the figure (see left side of the 
Figure 2) [5]. 

The result (using genetic algorithms) is the determination of constants which specify the direct contribution of 
heat generated by combustion of the heating medium and the contribution, which forms a heat transfer 
between the furnace lining and the heated contislab. This part was solved using genetic algorithms, but without 
the application of the principles of data mining would genetic algorithms be unable to assign the input data 
correctly at appropriate times to input the selected dynamic model. 

 
Figure 3 The structure of model of heating in a heating furnace. Source: (own) 

Selected data (see Figure 3) about the flows of combustion media in each zone are computed in the block 
named gas and zones. Furnace temperature is read from table temperature furnace and in block model is 
compared with temperature of material and the difference between these two values are putted on the port 
labelled error. From this value are computed square roots and integrated during the whole simulating time. At 
the end of this simulation the value is stored into the variable named pow_sum_err.  
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This value means the value of criterion function for next usage in genetic algorithm program. Parameters for 
block model are set by genetic algorithm. In generally the block model implement the system for solving the 
heat transfer between the furnace atmosphere and the heated material, the heat generated by combustion of 
gas and the heated material, and finally transmission determining relation between the quantity of gas in the 
zone and usable heat [6]. 

Criterion function is determined as the sum of squared deviations between the modelled temperature of the 
heated material and the actual measured temperature. 

Figure 4 shows the result which was obtained by procedures outlined above, the curve 5 was obtained by 
data mining methods. The temperature from the individual thermocouples in the furnace was converted to 
temperature of furnace environment above the appropriate contislab. 

 
Figure 4 The temperature curve. Source: [7] 

At the time of 20 000 - 25 000 seconds, the temperature at the thermocouple of the contislab is decreasing 
even when the temperature of the furnace environment above the contislab was almost constant. Therefore, 
using genetic algorithms sets the parameters of the model, which takes into into consideration not only the 
temperature of the furnace environment, but also the contribution resulting from the burning of gas in the zone.  

4. METHODOLOGY OF SIMULATION AND SEARCH MODEL PARAMETERS 

To verify the operation of heating furnaces it is very suitable to measure directly on the heated material that is 
placed in a heating furnace. In the case of the furnace, where the material is shifted on the growth of the 
furnace, the situation is complicated and measuring is arduous. Therefore, it is usually necessary to think over 
the location of sensors in the material carefully. The disadvantage is generally spot measurements of the 
temperature field and it should be counted as a direct and an inverse method for unsteady conduction of heat. 

The solution is based on three consecutive steps: 

1) Formulation of the dynamic model: 
a. model, which includes only the impact of the furnace temperature, 
b. model that reflects the influence of temperature and of also of heating system of the furnace, 
c. model which in addition also considers the influence of the correction on the speed of movement of 

the material in the furnace. 
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2) Use of genetic algorithms to search for parameters of the model. 
3) Iterative calculations of the temperature field of the heated ingot by using the corrected temperature of 

the furnace atmosphere using a dynamic model with pre-set parameters. 

In our case, we know the temperature of the body surface, but only at selected points, and the ambient 
temperature as a time function. Neither is it purely direct one nor purely inverse heat conduction problem. It 
would be a direct role with appropriate initial conditions in case the temperature field T = f (t, x) on the body 
surface was described as a function of time and spatial data x f points on the body surface. If we determine 
the missing parameter of the boundary task, it means an overall heat transfer coefficient, then it is certainly an 
inverse role. So, if we determine the temperature field in the body on the basis of surface temperature we will 
deal with the direct task of heat conduction. 

To summarize the previous thoughts then, provided we know the initial conditions of the solution, we are able 
to deal with both a heat conduction problem and an estimation of the global coefficient of the heat transfer from 
the body to the surroundings by iterative methods, a combination of direct and inverse task of heat convection. 

5. CONCLUSIONS 

The general intention of this paper is to show the possibility of the means of business intelligence, in this case 
data mining tools and genetic algorithms, in the practical usage, connected with metallurgical production - 
especially for the control of heating furnace. As the other partial result of this article the fact that in the data 
mining process one of the most important phases the data preparing for the following processes can be 
considered. It seems that the simple data filtration only on the basis of certain interval of data validity will bring 
the expected effect not in all cases. In those events it looks the heuristic models creation as helpful. The 
expectations are to develop the theses about the available tools as much as possible, to get maximum 
exploitation and results for their later universal and practical using in the metallurgical processes [9]. 

From Figure 3 is evident that offsetting the influence of the current input of the zone progress simulated and 
measured temperatures are nearly identical. From the results of modelling can be concluded that the concept 
of combining data mining operational data and use of genetic algorithms for adjusting parameters of the model, 
which in this case have been 28, brought the expected result. In the future it may be expected that this 
procedure will be applied to other technologies and their models, in order to create their digital models so that 
they can be used for subsequent optimization problem with varying the outlined criterion functions [8]. These 
planned activities should also lead to the fulfilment of certain parts of the program Industry 4.0 in the area of 
creating a "digital enterprise". 
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Abstract 

Homogenization yard is used for holding dust ore and ore concentrates. The raw materials for agglomeration 
are transported to the industry premises usually by railway and with help of spreader machine are stored on 
so called homogenization yards. The goal of this article is not the description of homogenization yard function, 
but describe proposed method to estimate its actual proportions and capacity. Proposed system usage several 
cameras, which convert real image of homogenization yard to its digital form. Used algorithm is then capable 
to estimate its proportions, shape and capacity. This information is accessible online, so there are only a few 
seconds difference concerning real state. Up to date informations can increase effectiveness of logistic 
processes concerning blast furnace raw material base control and also homogenization yards loading. 

Keywords: Homogenization yard, image processing, capacity, estimation, online, shape, stereoscopic 

1. INTRODUCTION 

This paper address issues concerning volume estimation of homogenization yard. The example of complex 
functional relations systems control can be homogenization yard. This is a final component of technological 
flow when creating melting charge for blast furnaces. The purpose of homogenization yard is to homogenize 
chemical and physical properties of raw materials intended to production of agglomerate. It is very important 
to achieve perfect homogenization of ore material together with addition of some support materials like chalk. 
The resulting agglomerate has to have uniform distribution of iron (Fe) and proper basicity. For transportation 
to homogenization yards loading of iron powder, concentrates, additives (chalk) are used conveyor strands. 
[1]  

According to its chemical composition and grain properties are the ore and additions continuously dosed by 
conveyor scale in preselect aspect. Then is the treated ore mixed in trommel mixer along with dehumidification. 
As the final stage is the treated ore transport and load to homogenization yard in proper order. Homogenization 
yard consist of several layers. Each layer has its purpose. Homogenization yard is about 69 m wide, 13 m high 
and about 700 m long. Final chemical and physical compositions of the batch mixture is left ageing. In 
homogenization yard is batch mixture stored in horizontal rows and draw off by bucket elevator (Figure 1). [2] 

It is very difficult to find out, how much materials is present in homogenization yard. It is a common problem, 
not only in metallurgy. The similar issues has in quarry or cellulose plants, where the knowledge about product 
volume is vital. The volume of homogenization yard or other product stored can be calculated, if basic 
dimensions of the stack are known. In general, from time to time comes geodesist, which locate all necessary 
dimensions and calculate volume of the stack. This approach is inefficient and extremely slow. The better way 
is to have some automated process, which can estimate stack volume anytime and provide relevant data to 
control system. The proposed diagnostic system is based on stereoscopic computer vision and with minimum 
effort is capable to deliver relevant data. The further text is dedicated to description of stereoscopic computer 
vision and its usage in industry environment. [3], [4] 
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Figure 1 Homogenization yard and draw off bucket elevator 

2. MEASUREMENT USING STEREOSCOPY 

The method of measuring point positioning using stereoscopy uses principles based on similarity to the human 
eye. People can visualize the size and position of the object, even in space. We have this feature with a pair 
of eyes. Likewise, stereoscopy uses two sensors that scan the same scene (Figure 2).  

 
Figure 2 Illustration of stereoscopy 

The sensors have parallel axes of the optical systems and lie in one plane. They are separated from each 
other by the well-known length. Horizontal positioning is most often used and the sensors are marked as left 
and right. Another condition is the use of sensors with the same optical and sensing properties. If we record 
scenes on both sensors at the same time, we get two scene images from different views. Each point of the 
scene will have a different position on each picture. Coordinate centers are located in the image penetration 
and the optical axis. The display is shown in the following picture (Figure 3). Where the Ilef and Iright surfaces 
represent images, f is the focal length of the lenses, T is the distance between the lens axes and O are the 
centers of the optical systems. [5], [6] 
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Figure 3 Schematic of point projection on the image 

The difference of the point position on the left and right images is called disparity. Using disparity, we are able 
to determine the position of a point in space. The following relationships, which are derived from the similarity 
of the triangles, assume that the coordinates of the Y-axis are the same. 

푥 =  ∙    (1) 

푥 =  ( )∙    (2) 

푦 = 푦 =  ∙    (3) 

푍 = 푓 = 푓    (4) 

푋 = 푥    (5) 

푌 = 푦    (6) 

The xl, yl, yr and xr are coordinates on the left and right picture. 
The cl and cr are picture centers. The Ol and Or are picture’s axis. 
The T is distance between picture sensors. The f is focal length 
and Xp, Yp and Zp are coordinates of P spot as a distance from 
picture sensor (dimensions of the picture sensor are neglect). 

These equations are based on length units, but we see the pixel 
disparity from the image. It is again necessary to determine the 
ratio between pixels and length units. This will help us with the 
features of the sensor. Using the method, images can get the 
coordinates of any point in the image. To determine the volume, 
you will need to get points on the surface of the object being 
measured. Here is an example of homogenization yard 
(Figure 4). [7], [8] 

To display the principle of the method, we highlight key points on the homogenization yard. By combining 
these points, we obtain a wire model of the measured object. The display is in (Figure5). From the model 
obtained, we can calculate the volume of the measured body. With a larger number of determined points, we 
obtain a more detailed model of object (Figure 6). The more accurate the model will be, the more accurate the 
calculated volume of the object will be. 

Figure 4 Homogenization yard 
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Figure 5 The low resolution homogeneous yard model 

 
Figure 6 High-resolution homogeneous courtesy model 

This way, we only get an incomplete object model. The back side remains hidden by the object itself. To create 
a complete object model, we will use multiple-point capture as shown in (Figure 7). 

 
Figure 7 Scheme by scanning the entire homogenization yard 

3. CONCLUSION 

The paper tries to describe innovative approach to volume estimation in case of huge stack of material such 
as homogenization yard. The knowledge of right material volume is vital in many cases. Usage of stereoscopic 
computer vision is advanced method which can be used thanks to modern industrial type computers with fast 
processing speeds. Presented design of diagnostic system was used to proof, that idea is correct. We did 
precise background research and mathematical simulations, which tells us, the development trend is correct. 
The next step are laboratory tests followed by tests on real homogenization yard and comparing calculated 
data with geodesist’s estimation. Proposed online volume estimation with usage of two or more cameras is 
unique system, which can be implemented as a part of Industry 4.0, more precisely as a part of augmented 
reality. 
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Abstract 

In recent years many factors have led to the need to change the approach to management of the modern 
metallurgical enterprise. The most important of these are the increasing differences between the dynamics of 
the development of metallurgical companies in the European Union countries and countries known as 
developing countries (e.g. China, India, etc.). In addition, the recent economic crisis has shown that corporate 
governance philosophy based primarily on financial ratios is insufficient and does not ensure its long-term 
existence in the market and future development. So new concepts are sought, which aim at dynamic growth 
of the competitiveness of European companies. One of the new propositions is the concept of the industry 4.0, 
which primarily uses web development, technical progress, and is based in a sense on the cooperation of 
various enterprise which build production networks. 

The paper outlines the main assumptions of the Industry 4.0 concept for metallurgical companies and identifies 
new challenges in the management of a metallurgical enterprise in line with the industry 4.0. The main goal of 
the article is to present a new solution called a management map of the Industry 4.0, which makes changes in 
the company much easier and more effective conducted and prepared them for the practical application of the 
Industry 4.0 concept. 

Keywords: Industry 4.0 concept, management of the metallurgical enterprise, management map of the  
         Industry 4.0 

1. INTRODUCTION 

Increasingly differentiation between the dynamics of industrial companies' development in EU countries and 
so called developing countries (e.g. China, India, etc.) has resulted in the need for changes in the industrial 
policy of the European Union and the management of modern industrial enterprises. The recent economic 
crisis has shown that corporate governance philosophy based primarily on financial ratios is insufficient and 
does not ensure its long-term existence, future development and the ability to successfully gain competitive 
advantage in the marketplace. So new ideas are sought, which aim at dynamic growth of innovation and 
competitiveness of European companies. The current transformations in industrial production rely mainly on 
computerization and much wider use of the Internet, which is designed to increase the flexibility of production 
and better adapt to customer needs. Increasing the competitiveness of industrial enterprises is possible 
through the introduction of entirely new technical and organizational solutions. For these reasons it is 
necessary to support and develop R & D to introduce innovative products and solutions and also improve the 
quality of manufactured products and the efficiency of production systems [1], [2]. 

One of the new propositions is the Industry 4.0 concept, which primarily uses web development, technical 
progress, and is based on the cooperation of various enterprise manufacturing networks. This concept was 
created in 2011 in Germany and is based on high-tech strategies [3]. It mainly consists of three main elements: 
cyber-physical systems, the Internet of Things (IoT) and the Internet of services. Introducing the Industry 4.0 
assumptions creates a whole new opportunity for increasing the competitiveness of European industrial 
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enterprises, but involves overcoming many barriers and solving many important problems. It is needed a very 
large capital to adapt a business to the requirements of the Industry 4.0 and an unmatched greater automation 
of production. A completely new approach is also needed in an enterprise management. The main challenges 
are above all: greater openness to cooperation, staff development, continuous automation and internetisation 
of industrial companies, etc. The introduction of such changes will be a long process, especially for enterprises 
which are automated in medium level. Therefore, it requires well preparation and planning of all activities. Due 
to the need for large capital expenditures, it is also necessary to pay particular attention to liquidity control. 

The Industry 4.0 concept seems to be an interesting proposition for metallurgical companies and may to 
increase their global competitiveness to a great extent. The paper outlines the main assumptions of the 
Industry 4.0 concept for metallurgical companies and identifies new challenges in the management of a 
metallurgical enterprise in line with industry 4.0. The main aim of this article is to present the results of a 
preliminary study of a new solution called the Industry 4.0 management map, which in a structured way makes 
it easier and more efficient to introduce changes in the company that lead and prepare them for the practical 
application of the Industry 4.0 concept. 

2. THE INDUSTRY 4.0 CONCEPT AS A NEW POSSIBILITY FOR THE METAL INDUSTRY IN 
POLAND  

In the world the sale of base metals dominates in the metal sector for many years. The most steel is produced 
in the metal sector. China is the leading steel producer. Outside China, most of the steel is produced in Japan, 
the United States, India and Russia. The most important finished goods of the metal sector are: metal 
containers, nails, scaffolds, fasteners, locks, steel structures, bearings, railway surfaces [4].  

In Poland, the metal industry is one of the most dynamically changing industries. The metal market mainly 
includes the production of metals, metal finished goods and also machinery and equipment. The metal industry 
is linked to other manufacturing sectors. The results of this sector are heavily dependent on the demand 
reported by the automotive, transportation, machinery and construction sectors. The most important sections 
in the metal industry are steel production, machining of a wide range of metals (forging, casting, etc.), 
manufacture of metal structures mainly for construction purposes, manufacture of precision metal components 
(e.g. pipes, radiators, central heating boilers) [5]. 

The metal sector in Poland is very scattered. The largest industry companies cooperate with many small 
subcontractors. It consists mainly of small companies with a strong specialization based on foreign capital 
(more than 80%). Poland uses the technology of Western countries. This means the need to explore new 
opportunities for this sector. One of them is the Industry 4.0. 

The concept of the Industry 4.0 implies, inter alia, that production will be dominated by Internet-connected 
machines (so-called Internet of Things IoT). The impact of man on the manufacturing process will be greatly 
reduced. Machines will properly dominate all aspects of product manufacturing. Machines associated with 
advanced software will begin to collect real-time production data and provide real-time error correction. Self-
control of machines will enable the design of automated supply chains, where delays will be discovered and 
regulated in the near future, so that they will almost never occur. Connecting the internet to all machines will 
ensure that the software that monitors the consumption of machines and equipment will immediately indicate 
the correct servicing time. Life cycle of products should be drastically shortened [6], [7]. 

Nowadays the Industry 4.0 is still an early stage of implementation. There is a conceptual stage. As a result 
fully automated, Internet-based smart factories should be developed. Therefore, it is a strong need to develop 
many helped solutions which support to introduce assumptions of the Industry 4.0 to practice [8].  
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3. DEVELOPMENT OF THE CONCEPT 4.0 - CHALLENGES AND BARRIERS 

Industry 4.0 is a big challenge for industry companies, but at the same time it offers tremendous growth 
opportunities. The requirements are very high. Companies must change their strategy completely and 
overcome many barriers. As the preliminary research indicates that the most important barriers are in the 
following four areas (Figure 1): 

 technical infrastructure - demand for machinery and equipment, 
 automation of device operation and communication between them, 
 employee competences - the skills of employees needed to control an automated manufacturing system, 
 collaboration with other companies - building relationships and competencies with other companies that 

will allow joint fabrication of products in the network of companies that make up the smart factories of 
the future [9]. 

 

Figure 1 Areas of company changes in the Industry 4.0 

In each of these areas, strategic goals can be identified which have to realized to implement the Industry 4.0 
assumptions effectively. The main goal of the study is to develop the management map of the industry 4.0, 
which will include the strategic objectives set in the most important areas for enterprises to ensure that the 
implementation of the 4.0 industry concept is well organized, effective and efficient [10, 11]. On the basis of 
the preliminary research of metalworking industry and the analysis of the literature about Industry 4.0, some 
steps have been proposed for the implementation of the 4.0 concept and adaptation to Industrial Revolution 
4.0 which are shown in Figure 2. 

In the first stage, the potential of the enterprise should be identified. This step is to answer the following 
questions: What products and/or services will be offered in a fully automated and digitized factory 4.0? How 
many and which machines and devices can be used for fully automated and digitized production? What kind 
of spaces does the company have or can use? 

Then, the second stage is to analyze the needs associated with adapting the infrastructure to the requirements 
of Industry 4.0 and the scope of automation and digitization that the enterprise will need to guarantee. At this 
stage it should be also specified what budget is needed to implement the planned upgrades. So, there is a 
need to collect information which devices and machines need to be exchanged or additionally purchased (e.g. 
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they are not enough modern, unable to operate on the Internet, too energy consuming, etc.)? How much will 
it cost? How can these expenditure spread over time? 

 

Figure 2 Procedure of implementing the assumptions of the Industry 4.0 

In the third stage, the company's strategy and strategic objectives are identified. The authors of the article 
propose to use a new designed map which they called "the Industry 4.0 management map". The map consists 
of four areas for which specific goals are set. The scheme of the map is presented in Figure 3. Research is 
still underway. The main goal is to define the universal strategic objectives typical of the implementation of 
Industry 4.0 assumptions in the metal industry. In the next phase of research a survey is planned, which allows 
specific goals for the metal industry companies to be defined. 

In the stage fourth, the goal achievement measurement system is proposed to be designed for a timely and 
effective implementation of the Industry 4.0 assumption. At least one indicator should be designed for each 
goal by which it will be possible to control its implementation. Using Key Performance Indicators are proposed. 

In the next fifth stage the target value for each indicator should be specified. It means what level of the indicator 
is required and what time it should be reached. The last six stage consists of a comparison the actual values 
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of the developed indicators with target values, defining deviations, identifying the causes of deviations, and 
planning corrective actions in case of significant deviations. 

 

Figure 3 Schema of the concept of the Industry 4.0 management map 

4. CONCLUSION 

The creation of manufacturing networks of companies performing only certain elements of the manufacturing 
process is much more real in Poland due to the very high cost of the changes necessary to prepare a fully 
automated and Internet-enabled manufacturing factory 4.0. 

The paper proposes a procedure for the implementation of Industry 4.0 assumptions in the companies of a 
metal industry consisting of six stages. The proposed solution primarily arranges and helps to plan the 
implementation of the changes necessary for the functioning of the company in the network and the common, 
modern manufacturing of products within the factory 4.0. By introducing a system which help to measure and 
control the level of accomplishment of main company's goals, they can be quickly and effectively achieved. 

The introduction of an universal procedure which the initial concept is described in the article, in many 
cooperating companies that together form a modern 4.0 factory, can guarantee a much more effective 
achievement of key common goals and quickly gain market advantage in the competitive battlefield. As a 
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result, it can lead to the rapid development of small and medium enterprises which themselves have no chance 
of competing with large, independent and modern 4.0 factories and may be forced to liquidate in many cases. 
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Abstract  

The role of innovation and innovativeness is crucial for every kind of organization. Changes in the 
implementation and absorption of innovation could be a way to for organizational and financial success of a 
company. Nowadays, it is important to realize that both processes have to be implemented for a company to 
remain competitive. This paper the author describes innovation management in metallurgical companies and 
its importance. The impact of innovation on the global economy is the main goal of presented investigation. 
Research is based on the literature review and data analysis for the years 2007-2016. This allows for 
predictions and to propose the theoretical model that can be verified in real existing organizations. 

Keywords: Metallurgical companies, innovation, management. 

1. INTRODUCTION 

The increasing importance of knowledge as an economic driver has major implications for innovation 
management, which is, in turn, a key determinant of national and regional competitiveness in the global, 
knowledge-driven economy.[1] The contribution of knowledge to innovation is achieved in part by reducing 
trans- action costs between firms and other actors, most notably in the areas of re- search and information, 
buying and decision-making, policy and enforcement. The systemic approach to innovation recognises that 
innovation and knowledge generation take place as a result of a variety of activities, many of them outside the 
formal research process [2]. Knowledge is thus generated not just in universities and research centres, but 
also in a very wide variety of locations within the economy, and notably as a product (learning-by-doing) or of 
consumption (learning-by-using).  

Innovation management is a discipline; it does not come about through a random or hit-and-miss approach, 
but it requires design. Innovation management involves focusing on the organisation’s mission, searching for 
unique opportunities, determining whether they fit the organisation’s strategic direction, defining the measures 
for success, and continually reassessing opportunities. Innovation does not require genius, but it does require 
total dedication in pursuit of a unique opportunity. In the current economic context, growth must mainly 
originate from increasing the productivity of knowledge work, and increasing this productivity is the most 
important contribution management can make [3]. The most valuable assets of a 21st century firm are its 
knowledge workers and their productivity. Knowledge- intensive organisations, ranging from knowledge-
intensive service-providers to high-tech manufacturers, need to manage innovation processes so as to 
increase knowledge productivity.  

In comparison to traditional mechanistic command and control management, these characteristics entail a 
fundamental change in the strategic perception of the organisation, which accordingly has to consider the 
following management challenges [4]:  

 Manage human capabilities in a strategic manner. Modern management has to face the perpetual 
challenge to place the human being at the forefront of operations, and understand that an organisation 
is a collection of different human beings.  

 Network with internal and external partners. People have different attitudes, different customs, different 
professional backgrounds - management should focus on integrating the web of formal and informal 
relationships inside and outside the company.  
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 Create adaptive and interactive organisational structures. If the organisation is to stay responsive to 
external change, a flexible and adapt- able organisational structure is a necessity.  

 Balance order and chaos - process efficiency versus destructive innovation. The balance between 
process efficiency in existing business models and process adaptation for destructive innovation to drive 
corporate change is a delicate one.  

 Balance individual and corporate motivation. 

2. BASIS OF INNOVATION 

The characteristics of innovation are classified in main three areas. Product innovation witch is in place when 
a new or improved product is launched in the market, such as: market demand: Demand and acceptance of 
the product in the market is one of the key criteria for product innovation. It is directly linked to the company’s 
market share and to profit margin. Level of resonance: It is the level of target-customers locally, nationally or 
internationally; it is the product acceptance and market penetration yardstick. Optimal use of existing condition: 
It is examined whether the existing technology is used in an optimal way relevant to the product and its 
production. It relates to updating procedures and technology forecast. Price/Value: The price and value of a 
product is compared with the prices of corresponding competitive products in the market. Compliance with the 
regulations: Compliance with the safety, health, environmental regulations, etc. It is a characteristic of 
innovation because compliance with the regulations could often lead to qualitative innovative changes on the 
product. Originality: It is examined whether the product is a new solution or encompasses changes compared 
to competitive products. These changes may concern the product, its package, the way it is distributed or its 
use. It is also a way to evaluate an enterprise’s approach to innovation. Offer of improvements: The product 
as an evolution of an existing technology, in the sense of using new materials, the existence of new functions, 
the use of the product in new applications. It defines whether the product brings about changes on the basic 
design or its architecture. Coverage of operational needs: Coverage rate of specific operational needs, 
customer needs, including over-coverage offering additional functions not fully determined by customer 
demands. It relates to customer requirements analysis. Aesthetic: The product’s outward appeal is a criterion 
of innovation often underestimated; it constitutes though a key success factor. 

Process innovation is the introduction of new processes in product development or the improvement thereof. 
Market research: Market research may disclose alternative solutions regarding design, price, distribution and 
product promotion and offers an estimate of product acceptance and image in the market. Connection to target-
customers: Frequency of contact between the company and target-customers at local, national or international 
level. The main objective is to establish a long lasting relation mainly with large customers. Access to new 
technology: Frequency of the company’s contact with the current technological evolutions regarding production 
of product. It relates directly with departments of R&D, design, cooperation with technological bodies, 
participation in exhibitions, etc. Costing Methodology: Costing methodology in all stages of the product 
development process. Analysis and accurate costing methodology is required to cut the total product 
production cost. Compliance with the regulations: Compliance of the product development process with the 
safety, health and environmental regulations, in parallel with the procedures to verify all the above. Compliance 
of the development process with the regulations often contributes to qualitative upgrading of the product. 
Technique of ideas development: The existence of specific techniques and approaches for the elaboration of 
new ideas is examined; such ideas affect significantly the development of a successful innovative product. 
Improvement techniques: The effort and the techniques to integrate new technologies and uses in the product 
are assessed. Emphasis on fulfilling operational needs: Focus of product development process on the specific 
operational need the product addresses. It involves conversion of requirements to product specifications and 
relates to the way the trademark participates in product development process. Focus on aesthetics in the 
design: The success of products using a fixed technology and with fixed target-customers depends directly on 
their attractiveness and their visual diversification vis-à-vis competitive products. The aesthetic aspect of a 
product in combination with the analysis of its ergonomy is one of the main targets of industrial design. The 
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use of systems and design engineers is assessed. Formal procedures to protect copyright: It is examined 
whether the required actions are taken to protect copyright. It is assessed whether an enterprise is geared 
towards protecting patents and designs and whether the above methodology constitutes its policy. 

Management (organization) area: The introduction of changes in administration and organization constitutes 
the administrative innovation that completes the first classification. Feasibility study: It is the base (technical, 
economic, commercial) to decide upon an investment. Formal procedures to ensure communication with 
target-customers: Such procedures may include participation in exhibitions, sample distribution, meetings with 
groups of customers, etc. Formal procedures to apply the best technology: One of the key indications of 
innovation is systematic follow up of current technological evolution, the assessment of the technological level 
of competitors, the identification of new technologies and the correct selection of the best technology. Cost 
control: Control is a systematic review process applied during the design phase, in order to cut production 
cost, preserving at the same time the value and the required operation specifications (value/price) and ensuring 
the product’s sustainability and competitive price. Quality control: Formal control procedures during the design 
phase that include use of methods to analyse and improve innovation process quality and processes to 
safeguard rules applying to date. Organizational culture: Emphasis of organizational culture on innovation. It 
has been evidenced that organizational culture relates directly to a company’s innovativeness. Some elements 
of organizational culture placing emphasis on innovation is the encouragement to create new ideas, the 
clarification of the enterprise’s innovation policy to all employees, the determination of performance 
measurement systems, personnel training etc. Quantitative controls with criteria to assess improvement of 
technology, new materials, functions and uses: Introduction of controls with quantitative data and minimum 
acceptance values to assess improvement of technology, new materials, functions and uses. Processes for 
the integration and evaluation of new technologies and methods by the company. Quantitative controls with 
criteria on the satisfaction rate of functional needs: Introduction of controls with quantitative data and minimum 
acceptance values to fulfil specific functional needs. Marketing and quality control processes for the aesthetic 
aspect of the product: Introduction of marketing and quality control processes to assess and ensure good 
product aesthetic appeal. It relates directly to production and testing of originalities.[5] 

3. DATA ANALYSES 

In 2014, the iron and steel metallurgy 24 manufacturers of metallurgical products (1 more than in 2013) 
employing more than 9 people. The number of individuals employed in this sector amounted to over 30,000 
people, including 20,400 people employed in the manufacture of metallurgical products. The total operating 
revenues of this sector exceeded PLN 30.7 billion, with the manufacturers of metallurgical products accounting 
for nearly PLN 24.3 billion (up by 1.4%). The total capital expenditures of the sector amounted to PLN 750 
million, PLN 540 million of which accounted for capital expenditures on the manufacture of metallurgical 
products (down by 1.8%). Net revenues from the sales of export products amounted to nearly PLN 11.9 billion, 
with the manufacture of metallurgical products accounting for PLN 9.6 billion (up by 6.7%). The sector 
comprised 76 entities, including 16 profitable manufacturers of metallurgical products (1 more than in 2013). 
The sector’s net financial result was positive and amounted to nearly PLN 717 million. The manufacturers of 
metallurgical products achieved a positive result of PLN 77 million in 2014 (compared to the loss of PLN 468 
million in 2013).  

In 2014, this sector (excluding micro-enterprises) accounted for 2.8% of total operating revenues of the entire 
manufacturing section and 1.6% of all individuals employed in this section. The dominant position in the sector 
is held by a dozen-or-so largest enterprises specialising in metallurgy.  

According to the Metallurgical Chamber of Industry and Commerce data, in 2014 the production of crude steel 
in Poland amounted to 8.6 million tonnes (using 68% of the available production capacity) and was 8% higher 
than in 2013. 5.1 million tonnes of converter steel was produced in the integrated process (up by 15%) and 
3.5 million tonnes of steel was produced in the electrical process (down by 2%). In 2014, the share of alloy 
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steel manufacture (5.8%) and stainless steel manufacture (0.03%) continued to remain low. The manufacture 
of hot-rolled finished products amounted to 7.5 million tonnes (up by 1.8% compared to 2013), of which flat 
products accounted for 2.8 million tonnes (37.4%), including 2.1 million tonnes of cold-rolled sheets (up by 
0.8%) and long products represented 4.7 million tonnes (62.6%), dominated by bars - 2.1 million tonnes (i.e. 
up by 5%). Among the cold-finished products, the manufacture of cold-rolled sheets and strips amounted to 
883 thousand tonnes (up by 8%), the manufacture of galvanised sheets and strips amounted to 527 thousand 
tonnes (up by 12%), while the manufacture of organic-coated sheets and strips amounted to 273 thousand 
tonnes (up by 19%). The manufacture of steel pipes and hollow sections totalled 848 thousand tonnes (down 
by 1.3%), of which cold-formed hollow sections accounted for 518 thousand tonnes (down by 4%).  

In 2014, the import of metallurgical products to Poland amounted to 9 million tonnes (up by 13% compared to 
the previous year), with imports from the EU rising by 12% (accounting for 74% of all imports) and the size of 
imports from outside the EU rising by 17%. In terms of volume, Ukraine represented the largest share of import 
(despite the 5% drop), but the highest growth in import from third countries was observed in Brazil, Moldova 
and Belarus. Export from Poland amounted to 4.8 million tonnes (down by 3%), nearly 90% of which was 
exported to EU countries. As regards the EU, Poland exported mainly to Germany and the Czech Republic, 
while taking into consideration export outside the EU, metallurgical products were most often sold to Russia, 
Ukraine and Norway. [6] 

The deficit in foreign trade in metallurgical steel products amounted to 4.2 million tonnes in 2014, i.e. EUR 3.4 
billion (compared to 3.1 million tonnes and EUR 2.8 billion in the previous year). The structure of trade did not 
change and, in the case of imports, was as follows: flat products - 65%, long products - 23%, pipes - 7%, ingots 
and semi-finished products - 4%; the structure of exports, in turn, was as follows: long products - 48%, flat 
products - 27%, ingots and semi-finished products - 15%, and pipes - 8%. The apparent finished steel product 
consumption in Poland (production plus import less export) in 2014 amounted to 12.2 million tonnes (up by 
17% compared to 2013), with flat products accounting for 54% of the above sum (6.6 million tonnes), long 
products - 37% (4.5 million tonnes), and pipes and cold- formed hollow sections - 9% (1.1 million tonnes). The 
economic and financial data of enterprises and growing consumption of metallurgical steel products (despite 
slightly worse trade balance) indicate that the situation in the sector is slightly improving in 2014. This resulted 
from substantially lower illegal intra-Community trade in certain steel products in 2013, and domestic demand, 
which provided an opportunity for a higher utilisation of domestic production capacities. This allows to look to 
the sector’s immediate future with moderate optimism. However, it is necessary to remember the still difficult 
global position of the Polish steel sector in terms of competitiveness in the context of the EU open market, 
especially the EU energy, climate and environmental policy.[7, 8, 9] 

CONCLUSIONS 

The beginning of 21st century was the time of changes in economic and development characters, whose 
continuation was supposed to take until now according to the program of Restructuring and Development of 
Steel and Iron Industry in Poland until 2006. 

The metallurgical sector is one of the most crucial branches of industry in Poland. Production on the Polish 
metallurgical sector increased in the last 2 years and its further increase is forecast at least until 2015. A 
majority, that is 23% of enterprises, has its registered office in the area of Śląskie Province. In comparison to 
the national average, in the metallurgical sector very large enterprises prevail. Metallurgical products represent 
an important position in Polish trading. However, an outflow of foreign investments was observed in this sector.  

Downward tendency in steel sector was considerably higher than in the case of other branches of the industry, 
where crisis was characterized only by a slowdown. However, in consideration of the decision about sector 
reorganizing in 2012, one can assume that the future of steel sector shows great promise for the domestic 
economy. Current and future projects and investments in infrastructure and construction impose high 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2044 

requirements on the levels of steel supply and provide an opportunity for revival of Polish metallurgy 
industry.[10, 11] 

The flow of foreign direct investments in 2009 amounted to EUR 9.9 billion, of which EUR 3.4 billion was 
constituted by the processing industry. In the metallurgical sector an outflow of capital equal to EUR 108.8 was 
observed. This tendency puts this branch in an unfavourable position, particularly in comparison with other 
branches of processing industry that in the majority of cases recorded flow o foreign investments. Accumulated 
foreign investments in the Polish metallurgical sector amounted to EUR 5.8 billion which constituted 12% of 
investments in the pro- cessing branch, and 4% in the total of foreign investment. Polish international trade in 
the metallurgical sector amounted to EUR 24.7 billion. In addition, Po- land faced a slight deficit equal to EUR 
445 million. It constitutes less than 10% of the trade of Poland. Cast iron, steel, cast iron and steel products 
represented the largest share in the international trade. Copper and copper products followed these. A positive 
balance of trade in this field is worth noticing - exports exceeded import by more than twice. 
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Abstract  

Managers of metal companies recognize the importance of continuous product development and engineering. 
Value chain integration, product platforms, digital business models and marketing are still less noticeable in 
metal companies but that may change fast as customers adopt new concepts. Managers have to respond to 
those changes with strategic initiatives, which are difficult to measure and control. I analyze changes in 
research and development expenditures focusing on industrial metals and mining companies. The decision to 
increase or decrease R&D expenditures in relation to changes in sales is strategic in metal companies as 
unprecedented stream of innovative products enter the market. In this paper, I propose to distinguish four basic 
management behaviors related to R&D expenditures and provide with graphical exemplification of market 
analysis based on two variables (growth in R&D expenditures and growth in sales). The results indicate 
differences in behavior of companies in developed and developing countries. Further differences can be 
observed between lower R&D intensity and higher R&D intensity companies. The proposed methodology can 
be used to map the company’s R&D competitive position. 

Keywords: R&D, corporations, metallurgy, innovation  

1. INTRODUCTION 

Innovation is without doubt the key to competitive advantage in young industries but mature, commodity based 
industries also experience accelerated changes. In industrial metals and mining companies, innovations result 
from: 

 own or industry R&D initiatives, 
 clients’ R&D efforts and 
 digitalization of value chain processes. 

R&D initiatives are part of business strategy. A strategy is a set of coherent, mutually reinforcing policies or 
behaviors aimed at achieving a specific competitive goal. Companies define their overall business strategy 
and specify how various functions - such as marketing, operations, finance and R&D will support it. Some 
companies adopt a dedicated innovation strategy [1]. In metal companies R&D activity is viewed as behavior 
or a policy supporting innovation [2,3]. 

World Steel Association estimates that 75% of the steels used today did not exist 20 years ago. While it is 
difficult to show direct relation between R&D expenditures and innovation [4] it is usually assumed that R&D 
is an important driver of innovativeness, especially in capital intensive industries such as basic metals and 
fabricated metal products. Recent innovations in this industry include lighter and stronger alloys used in 
phones, computers and cars. According to a recent study conducted by PwC 47% of metal companies see 
innovation as “competitive necessity” [5]. 

2. METHODOLOGICAL BASIS 

This paper is based on prior research of R&D in metallurgical companies by Filipou and King [6], Vitsenets [7] 
and Pomykalski [2]. The findings are also relevant to knowledge management in metallurgical companies 
researched by Vilamova et al. [8]. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2046 

Measuring R&D efforts and effectiveness is challenging and subject to debate both in academic and business 
circles [9]. In this paper, I analyze the relation between growth in R&D expenditures and growth in sales. I also 
use the R&D intensity ratio (which describes the relation of R&D expenditures to sales).  

Some companies choose to incorporate R&D into its strategy or implement a policy. In most obvious case, 
R&D expenditures will increase with growing sales. R&D intensity (the ratio of R&D expenditures in relation to 
sales) will stable. In second case R&D expenditures will increase even when sales will decrease.  Companies 
in this group execute policies or strategies assuming growing R&D involvement. In a third group of companies, 
R&D expenditures will decrease as a result of decreasing sales. Managers will react to dropping sales by 
decreasing expenditures. Managers of companies in this group either assume that R&D expenditures should 
be cut when revenues fall or are forced to do that as company’s financial standing deteriorates. In the fourth 
scenario R&D expenditures fall while sales increase. This behavior can be explained by major differences 
between planed and actual results (sales grow at a higher rate than anticipated) or may occur as a result of 
mergers and acquisitions. 

In this paper, I assume that corporate R&D expenditures should be addressed on individual basis rather than 
by measures of central tendency of R&D intensity. I present the graphical results of analysis of 3-year growth 
in R&D expenditures and sales of top R&D basic metals and fabricated metal products companies. 

3. R&D EXPENDITURES - GLOBAL PERSPECTIVE 

Analysis of changes in basic metals and fabricated metal products requires some introduction to changes in 
global markets which have a profound impact on financial results of companies operating in different parts of 
the globe. 

The World Steel Association estimates that China accounts for 45% of global steel demand. Although demand 
is expected to remain flat or even decline in the forthcoming years major changes in structure of demand are 
unlikely. Results of PwC survey indicate that collaboration with customers in developing innovations is top 
priority for metal companies [5].  

Research and Development (R&D) expenditures in basic metals and fabricated metal products changed 
significantly during the last 15 years. China’s share of global R&D expenditures grew rapidly from 19% in 2000 
to 70% in 2013.  

Table 1 R&D expenditures in basic metals and fabricated metal products except machinery and equipment  
   (in millions of 2010 US dollars - constant prices and PPPs) 

 2010 2011 2012 2013 2014 

China 19 227 22 755 29 656 31 083 32 409 

Japan 2 649 2 810 2 554 2 578 2 794 

United States 2 356 2 457 2 476 2 685 NA 

Germany 1 515 1 544 1 585 1 527 NA 

Korea 972 1 348 1 429 1 342 1 321 

France 877 1 046 1 067 1 074 NA 

United Kingdom  932 905 779 763 NA 

Other countries 3 320 3 990 3 002 3 828 NA 

Total (OECD statistics) 31 847 36 855 42 549 44 881 NA 

Source: OECD Data 
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According to China Statistical Office 246.137 people were full time employed as personnel in R&D in 
manufacture of metal products, smelting and pressing of non-ferrous metals and smelting and pressing of 
ferrous metals (Figure 1). In 2015 alone, 46.234 patent applications were filled by Chinese researchers. 

 

Figure 1 Full-time equivalent of R&D Personnel (man-year) 
Data: China Statistical Office 

After more than ten years of unmatched expenditures China created research infrastructure and human capital 
to assume a leading position in basic metals and fabricated metal products R&D. 

In another survey of metal industry companies PwC provided for insights into another important trend. Metal 
companies are preparing to invest as much as 4% of their annual revenues over the next five years in digital 
operations, which will change internal value chains and alter cooperation with partners. The introduction of 
digital operations is forecasted to increase revenues by 2.7% and reduce costs by 3.2% [10]. Both costs and 
awaited results are considerable [11] taking into consideration the financial results of metallurgical companies 
[12,13,14]. 

4. DATA 

The data used in this paper is based on the 2016 EU Industrial R&D Investment Scoreboard, which contains 
economic and financial data for the world’s top 2500 companies ranked by their investments in research and 
development (R&D). A subset of 37 industrial metals and mining companies has been extracted from the 
database. The group is fairly diverse with companies spending between 21.6 million euros and 522.1 million 
euros on R&D.  

5. RESULTS 

The comparison analysis is possible thanks to:  
 comparable accounting data (most companies in this research use the International Financial Reporting 

Standards), 
 computing capabilities 
 access to financial annual reports and data 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2048 

Direct comparison of R&D expenditures and revenues of individual corporations (Figure 2) provides for 
interesting conclusions presented in my earlier work [6] in which I suggest to distinguish between low R&D 
intensity companies and higher R&D intensity companies in basic metals and fabricated metal products 
companies. 

Figure 2 Corporate R&D Expenditures and Revenues in 2015 
Source: own, data European Commission, Joint Research Centre 

Analysis of changes in R&D expenditures and sales allows for further interesting conclusions. Based on the 
relationship between the two variables (3-years R&D expenditures growth to 3-years sales growth) four basic 
types of behaviors can be identified. 

1) Increasing R&D expenditures with growing sales 
2) Increasing R&D expenditures with falling sales 
3) Decreasing R&D expenditures with falling sales 
4) Decreasing R&D expenditures with growing sales 

All four behaviors can be observed in the period 2012-2015 (Figure 3). R&D expenditures increased in most 
(24) companies (Table 2). Growth in R&D expenditures with growing sales was observed in 12 companies. 
It’s interesting to note that this group is characterized by comparably low R&D intensity. The companies in this 
group included Arcelor Mittal, most Chinese producers, two Scandinavian and one American company.  

German producers including ThyssenKrupp, Salzgitter and Heraeus, Austrian Voestalpine and American 
Alcoa exhibit growth in R&D despite decreasing sales (behavior 2). China Steel is an exception in a group 
formed by producers from developed countries.  

Cutting R&D expenditures while sales decrease (behavior 3) allows companies to improve short term 
operations efficiency (profits). Surprisingly 7 of the 8 companies that decreased R&D while sales decreased 
were profitable.   

Decreasing R&D expenditures with growing sales (behavior 4) comprises 5 companies and - four from 
developed countries and one from India. It is should be noted that average R&D intensity in these companies 
is almost double that of the first group.  
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Figure 3 Corporate R&D Expenditures 3-years growth and Revenues 3-years growth in 2015 
Source: own, data European Commission, Joint Research Centre 

The results indicate that four basic behaviours can be identified in the market and although the grouping may 
be arbitrary it can lead to interesting conclusions. Companies may use this method in the analysis of their R&D 
efforts compared to other companies in the market and globally. 

Table 2 R&D expenditures, sales and R&D intensity in metal companies 

Behavior Companies R&D expenditures Sales R&D intensity 

1 12 659 97 505 0.68% 

2 12 1 353 147 251 0.92% 

3 8 876 101 913 0.86% 

4 5 838 65 275 1.28% 

Source: own, data European Commission, Joint Research Centre 

In the forthcoming years, R&D expenditures may be impacted by the involvement in digital operations as some 
companies may opt to decrease own R&D and use open innovation systems based on their newly acquired IT 
capabilities. Networking effects [15] may become visible. Given the comparably high R&D expenditures in 
China and comparably low expenditures reported by individual Chinese companies results of R&D initiatives 
may present themselves as networking effects [16]. 

CONCLUSIONS 

The decision to increase or decrease R&D expenditures in relation to changes in sales is strategic in metal 
companies as unprecedented stream of innovative products enter the market. In this paper, I proposed to 
distinguish four basic behaviors related to R&D expenditures and provided with graphical exemplification of 
market analysis based on two variables (growth in R&D expenditures and growth in sales). The results indicate 
differences in behavior of companies in developed and developing countries. In developed countries 
companies will increase R&D expenditures even if sales decrease. Companies from developing countries 
prefer to decrease their R&D expenditures in such conditions. Few companies decide to decrease R&D 
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expenditures amid increasing sales. Companies exhibiting this behavior are usually those with comparably 
higher R&D expenditures compared to sales (R&D intensity ratio).  
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Abstract 

In this paper the finite element method approach is presented in order to determine the effective stress 
redistribution and deformation in the bolted beam end-plate connection assembled with high tensile bolts. 
Connection is represented via HEA profile with both end-plates, bolted to the I-shape short cantilevers welded 
to the supporting columns. It has been assumed that the building would be foreseen as a warehouse and the 
beam would be located in the ceiling, thus live load with value of 5.5 kN/m2 has been adopted. Analyzed beam, 
end-plates and beam rib elements have been assumed to be made of S235JR steel grade. Three different bolt 
grades i.e. 8.8, 10.9 and 12.9 and four different multipliers of maximum acceptable tightening torque i.e. 1.00, 
0.75, 0.50, 0.25 are taken into considerations. For each bolt grade the minimum number of bolts and end-plate 
thickness required for safe connection work have been determined on the basis of polish national standards. 
Through the analysis it can be observed that the higher tightening torque, the smaller T-stub deformation, 
whereas Misses stress under the bolts heads and nuts are significantly increased. Stated boundary problem 
is solved with the utilization of SolidWorks software. 

Keywords: High tensile bolts, end-plate connection, tightening torque, static analysis, FEM 

1. INTRODUCTION 

Nowadays, steel is the most commonly used material for newly erected structures due to its properties and 
predictable behaviour under applied loads. In order to reach significant span dimensions or to assembly two 
consecutive steel elements, connections via bolts/pins or welding are mainly practiced. If only possible welds 
should be done at the production process in order to obtain its better quality, whereas bolted/pinned joints can 
be easily assembled in situ. Depending on transferred load values, its direction and the direction of connected 
elements a large number of connection types may be listed.  

In the late 70’s extensively various aspects of bolted tee-hanger and end-plate connections were investigated 
by Krishnamurthy [1]. Author presented an economical and safe design procedure of end-plate connections 
which was combined of classical theory mathematical model and modification factors reflecting the actual 
connection work, which was furtherly validated with experimental tests giving satisfactory results. In the 
subsequent years’ due to the rapid technological and industrial development interest in the steel structures 
connections significantly increased. Behaviour of four-bolt extended end-plate connection subjected to 
monotonic and cyclic lateral loading was discussed in [2]. In the study the effect of both material and various 
connection geometric properties were investigated. Through the numerical analysis it was shown that the 
geometry of connected beams and material properties has only a small influence on the connection behaviour. 
Experimental and theoretical analysis of the moment-rotation behaviour of stiffened extended end-plate 
connections was performed by Yongjiu et al. [3]. A new theoretical model for stiffened and extended steel 
beam-column and end-plate connections was proposed. Via the experimental tests it was proved that with 
proposed analytical model moment-rotation, moment-shear rotation and moment-gap rotation can be precisely 
evaluated. Various aspects of different stiffened and end-plate connections were discussed in [4-6]. Modern 
methods concerning the use of Shape Memory Alloys in steel structures connections subjected to seismic 
loads in order to mitigate the damage in structural members was presented in [7]. It should be noted that 
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recently, experimental tests are frequently postponed after the end of numerical analysis based on finite 
element method due to significant time and cost reduction of performed tests. Moreover, not only small scale 
problems can be solved with FEM, as an example advertising board tower was investigated in [8]. 

In this paper the influence of high tensile bolts utilization in the beam to beam end-plate connection on stress 
distribution and connection deformation is discussed. It is assumed that the connection is represented via HEA 
steel profiles, bolted to the I-shape short cantilevers welded to the supporting columns. For the analysis 
purposes three different bolt grades i.e. 8.8, 10.9 and 12.9 and four different multipliers (i.e. 1.00, 0.75, 0.50, 
0.25) of maximum acceptable tightening torque were taken into considerations. For each bolts grade with 
constant Ø16 diameter, the number of bolts and end-plate thickness were formerly determined on the basis of 
polish national standards and validated with Autodesk Robot Structural Analysis. The main aim of this work is 
the estimation of how, the number of bolts, their grade and tightening torque affect the stress distribution, 
connection gap distance and overall beam vertical displacement in specified end-plate connection under 
evenly and unevenly distributed live load onto the ceiling floor. In order to solve stated boundary problem 
SolidWorks software fully based on finite element method was chosen. 

2. NUMERICAL MODEL ASSUMPTIONS 

For the numerical analysis purposes beam composed of three segments, interconnected with high tensile bolts 
is chosen. It is preliminarily assumed that the building is foreseen for a warehouse, construction must have 
been easily assembled without the necessity of welding, ceiling slab is supported directly on the top surface 
of a beam and end-plate cannot be extended outside the contour of a beam cross section. Adopted ceiling 
slab layers with specified loads, supported on discussed beam are presented in Table 1. 

Table 1 Ceiling slab layers supported on discussed beam 

Nr Layer 
Thickness Mass/Density Characteristic load Coeff. Factored load 

[ m ] [ kN/m3 ] [ kN/m2 ] [ - ] [ kN/m2 ] 

1 Epoxy resin 0.0015 14.50 0.022 1.35 0.029 

2 Concrete 0.05 21.00 1.050 1.35 1.418 

3 Insulation (Mineral wool) 0.12 1.40 0.168 1.35 0.227 

4 Reinforced concrete C20/25 0.08 25.00 2.000 1.35 2.700 

5 Live load - - 5.50 1.50 8.25 
 Total load - - 8.740 - 12.624 

Presented in Table 1 mass/density loads are adopted on the basis of PN-EN 1991-1-1:2004. Referring to the 
total load values presented in Table 1 and knowing that the assumed horizontal and vertical axial spacing 
between columns is equal 5.50m, HEA360 profile made of S235JR steel grade is determined as the beam 
cross section in accordance with PN-EN 1993-1-1:2006 and [9]. The first and last segment of the beam is 
welded to the host supporting column and have a length of 0.50m, whereas middle beam member have 4.00m. 
Due to the column relatively high bending stiffness and fact that short cantilever beams are welded 
symmetrically to the flanges of host column, the effect of column deformation is neglected in the further 
analysis. Analyzed scheme of three segmental beam bolted with 12.9 grade hex bolts is presented in Figure 1. 

For the analysis purposes three different high tensile bolt grades are taken into considerations i.e. 8.8, 10.9 
and 12.9. It is assumed that utilized bolts for each analyzed connection have exactly the same diameter equal 
Ø16 mm. On the basis of manufacturer information [10], maximum tightening torques corresponding to the 
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adopted bolts grades are: 193, 279 and 333 Nm, respectively. In case of 8.8 and 10.9 bolts grade minimum 
end-plate thickness was determined as 20 mm, whereas for the 12.9 grade 22 mm should be provided. 
Minimum number of fasteners for each considered bolt grade, which meet the ultimate limit state was 
determined on the basis of PN-EN 1993-1-8:2006. For the 8.8 bolt grade minimum eight high tensile bolts are 
obtained. Connectors are arranged in two columns with four rows, where space from the top and side end-
plate edge to the first bolt center remains same as shown in Detail “A” in Figure 1. Spaces between bolts in 
the vertical plane are equal 80mm, whereas in the horizontal plane 220 mm. In case of the 10.9 and 12.9 hex 
bolt grade, minimum six bolts are required i.e. two columns with three rows (see Figure 1). Assumptions 
concerning connection dimensions and number of high tensile bolts for each fastener grade were additionally 
validated with Autodesk Robot Structural Analysis showing good agreement. Moreover, in the performed 
analysis two different types of live load distribution are investigated - evenly distributed and distributed only on 
one side in regard to the longitudinal beam axis resulting in additional beam torsion. 

 
Figure 1 Analyzed scheme of beam to beam end-plate connection, bolted with Ø16 12.9 grade hex bolts 

In the numerical analysis only half of the discussed beam was examined due to the analyzed scheme 
symmetry. Following boundary conditions are assumed: fixed X,Y,Z-axis displacement and rotations on YZ 
oriented face of cantilever beam (point A in square box shown in Figure 1), symmetry boundary condition on 
YZ oriented face of middle span beam (point B in Figure 1). Assumed slab layers were simplified to the simple 
steel plate with exactly the same bending stiffness. According to that plate with following dimensions have 
been modelled: 5.50 m along Y-axis, 2.50 m along X-axis and 44.5mm thickness along Z-axis direction, 
respectively. Bottom plate surface is supported on the top surface of HEA beams and plate X-axis symmetry 
coincide with HEA profile longitudinal axis. Between mentioned elements contact without penetration is used. 
On plate external faces oriented in XZ plane, Y-axis displacement is fixed, whereas on face oriented in YZ 
plane close to the point A from Figure 1, X-axis displacement is fixed and near point B, symmetry condition is 
applied. Weight of plate is neglected. Presented in Table 1 loads are applied to the top plate surface as 
pressure. 

For the end-plate connections bolts with two washers are assumed, one under the bolt head and another under 
the nut. Flat washers with external diameter Ø30 mm, internal diameter Ø18 mm and thickness 3 mm are 
introduced. Hex bolts are represented with SolidWorks bolt elements with specified alloy steel and tightening 
torque properties corresponding to the appropriate bolt grade. In the SolidWorks software for S235JR steel 
grade elements the homogeneous, elastic and isotropic material has been chosen with Young’s moduli E = 
210 GPa, Poisson’s ration v = 0.28 and mass equal 7800 kg/m3, respectively. Due to the fact that in this paper 
the subject of interest is end-plate connection, deformations and stress of steel plate were not discussed. 
Discretization of all numerical models have been performed with the use of 3D-Solid 9-node tetrahedron finite 
elements. Fine mesh with element size around ~ 3mm is used for washers and the area under and near the 
washers elements, where the stress results are read-out. For the rest part of the model adaptive mesh from 3 
up to 100mm is used. 
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3. RESULTS AND DISCUSSION 

In this chapter obtained results concerning maximum Misses stress in end-plate connection, end-plate 
connection gap distance and overall beam maximum Z-axis displacement in the middle span are discussed. 
Mentioned maximum Misses stress value was read-out from the circle shape area, with the range of 50mm 
measured from the center of each bored hole under high tensile bolt. Gap distance was measured between 
two points, which were located on the crossing of end-plates top edges with HEA symmetry XZ-plane. 
Obtained results are presented in Table 2. 

Table 2 Obtained results of maximum Misses stress, connection gap distance and Z-axis displacement in  
              analyzed scheme subjected to the dead load and evenly distributed live load 

Number of bolts  
(Bolt grade) 

End-plate 
thickness Tightening torque Misses Stress Connection gap 

distance 
Overall  
Z-axis 

displacement 

[mm] [Nm] [ MPa ] [ mm ] [ mm ] 

6x (12.9) 22 

max = 333 345.9 0.552 1.813 

0.75·max = 250 301.0 0.556 1.814 

0.50·max = 167 256.4 0.559 1.814 

0.25·Max = 83 211.8 0.563 1.815 

6x (10.9) 20 

max = 279 388.3 0.517 1.759 

0.75·max = 209 336.5 0.521 1.759 

0.50·max = 140 289.5 0.524 1.760 

0.25·max = 70 249.3 0.527 1.760 

8x (8.8) 20 

 max = 193 307.5 0.514 1.673 

0.75·max = 145 275.1 0.516 1.673 

0.50·max = 97 243.3 0.518 1.673 

0.25·max = 48 211.7 0.521 1.673 

On the basis of presented results in Table 2, one can state that the higher number of bolts in end-plate 
connection, the lower Misses stress is obtained near the bolts located in the corners. It is worth noting that 
with higher tightening torque for any bolt grade, higher values of Misses stress are obtained consecutively. For 
any bolt grade almost linear relationship between tightening torque and obtained maximum value of Misses 
stress can be observed. Percentage stress increase for any high tensile bolt grade between two consecutive 
tightening torques stands around 15%. Higher values of Misess stress for the 10.9 bolts grade in comparison 
to 12.9 grade bolts is connected with the end-plate thickness. For 10.9 grade bolts end-plate with 20mm 
thickness was determined, whereas for 12.9 grade bolts 22mm, respectively. Misses stress redistribution in 
the discussed end-plate connection with 12.9 grade bolts and applied tightening torque equal 333 Nm with 
scale limited to the S235JR grade steel yield point is presented in Figure 2. 

Connection gap distance depends not only on number of fasteners, but also on thickness of end-plate and 
tightening torque. With the highest number of high tensile bolts, the gap distance is the smallest - compare 
grade 8.8 bolts with maximum tightening torque to 10.9 and 12.9 grade bolts. In this particular case, where 
eight high tensile bolts are used, end-plates adjoin to each other with the largest area. 

With introduced in bolts pretension force, end-plate in micro scale starts to deform i.e. local area near the 
connection stick to the area on the opposed end-plate, whereas other plate area starts to deform in opposite 
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direction. According to above larger gap for 12.9 grade bolts in regard to the 10.9 grade bolts was obtained 
due to the higher tightening torque.  

 
Figure 2 Misses stress redistribution band plot for the beam to beam connection with 12.9 grade bolts at 

333 Nm tightening torque, a) end-plate, b) overall isometric view of beam to beam connection 

Changes in overall beam Z-axis displacement are strictly connected with the connection gap distance. 
According to that the lowest displacement was obtained for the connection with eight 8.8 grade bolts. In case 
where the number of bolts is exactly the same (compare grade 12.9 bolts in regard to 10.9 bolts from Table 2) 
at any tightening torque the difference between Z-axis displacement remains almost the same i.e. ~0.055 mm. 
It is worth noting that for the same considered bolt grades difference in the gap distance stands around ~0.034 
mm. Hence higher displacements were observed for the beam with 12.9 grade bolts.  

The influence of uneven distributed live load in the discussed construction on Misses stress redistribution due 
to previously observed almost linear relationship between bolt tightening torque and obtained stress results 
was examined only for maximum torque for each bolt grade. Percentage incensement of Misses stress near 
the corner bolts is presented in Figure 3. 

 
Figure 3 Percentage maximum Misses stress increase in the end-plate connection under the bolt washer for 

a beam subjected to the uneven live load distribution 
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Considering results presented in Figure 3 one can state that the highest percentage increase was obtained in 
the beam connected with 10.9 grade bolts where obtained stress value was equal 488.3 MPa. Comparing 
connection with 12.9 grade bolts in regard to the connection with 10.9 grade bolts, thicker end-plate sheet 
metal allows reduce percentage stress increase in a small manner. With greater number of applied bolts in the 
connection with same considered dimensions the influence of uneven load distribution can be significantly 
minimized - corner bolts have to transfer smaller resultant force. 

Despite the fact that obtained stress results under the bolts washers in the beam to beam end-plate connection 
exceeded the S235JR grade steel yield point, the plastic work of material covered only a very small local 
region. Hence, on the basis of PN-EN 1993-1-8 such significant thickness of end-plate is determined in order 
to eliminate the risk of connection failure due to material plastic work near the bolts. 

4. CONCLUSION 

In this paper the influence of applied load to the construction and high tensile bolts prestressing in the beam 
to beam end-plate connection on obtained Misses stress results was discussed. For the assumed constant 
diameter of each individual bolt equal Ø16 mm and three considered bolt grades i.e. 8.8, 10.9 and 12.9, 
minimum number of bolts and end-plate thickness in considered connection were determined. Through the 
numerical analysis was shown, that even 2 mm thicker end-plate can significantly decrease the Misses stress 
redistribution near the fasteners for evenly distributed load. Considerable stress decrease in the connection 
with exactly the same dimensions can also be obtained with greater number of high tensile bolts introduced. 
In consequence smaller value of resultant force have to be transferred, especially via corner bolts. In the beam 
subjected to the uneven load distribution Misses stress in the end-plate near the corner bolts increased 
approximately by 20-25%, depending on the number of high tensile bolts utilized and the thickness of end-
plate. However, in this paper specified type of beam to beam end-plate connection with high tensile bolts was 
discussed, other steel structures connection geometries should also be studied. 
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Abstract  

Optimal control of heating furnaces requires temperature-thermal mode correction with respect to actual 
heating conditions. Conditions are by far the most influenced by irregularities during furnace heating material 
withdrawal. Time flow corrections settings of required temperature values in single furnace zones is possible 
to optimize based on heating models prediction. Furnace temperature values play the most important role 
during heating simulations. However, the influence of an instant heating gas flow in nozzles within singe parts 
of a furnace cannot be underestimated. The article shows the way to define time trajectories of actuating 
variables and identification process itself, based on the identification and consequent simulation. Achieved 
results should be exploited for various heating ways generating, followed by optimal alternative choice. 

Keywords:  Optimal control, identification, simulation, heating furnaces 

1. INTRODUCTION   

Industrial multi-zone heating furnaces are very complex systems in terms of their modeling, because it is not 
easy to accurately describe all physical and chemical processes that occur in the furnace. It is even more 
difficult to determine the parameters of the created mathematical models. For their complexity, such models 
are not suitable for the heating process control in real-time systems. Simplified models are used in many cases 
instead. They use the temperature in each furnace zone as the input variable to calculate the temperature of 
the heated material at the output. The significance of these temperatures is dominant, but to ensure a proper 
functionality of the model, it is appropriate to influence the instantaneous flows of heating gases into the burner 
of individual zones. By identifying the material heating process with towed thermocouples, it was found that 
the influence of the instantaneous amount of heating gas on the temperature of the heated material can be 
quantified in single digits of percent. If we want to use these simplified and promptly working models for heating 
parameters prediction, we must take into account the amount of heating gas. For this reason, it is necessary 
to create a mathematical model of the relation between the instantaneous amount of gas in the observed zone 
and the desired and actual furnace temperatures. This model should be parameterized based on identification. 
The article deals with creation of this model [1], [2], [3], [4], [5], [6].  

2. TEMPERATURE CONTROL IN INDIVIDUAL FURNACE ZONES 

In practice, cascade control is usually used to control the temperature in the individual zones of the furnace 
(Figure 1), where: 
퐺 (푝) Temperature controller in the selected furnace zone (transfer function) 
퐺 (푝) The amount of combustion gas controller in the selected furnace zone (transfer function) 
퐺 (푝)  Plant of temperature control system (transfer function) 
푤 (푡) Desired variable (desired value of controlled variable) of temperature control in a furnace zone 
푤 (푡) Desired variable (desired value of controlled variable) of amount of heating gas control in a furnace  

zone 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2058 

푢 (푡) Actuating variable of temperature control in a furnace zone 
푢 (푡)) Actuating variable of amount of heating gas control in a furnace zone 
푦 (푡) Controlled variable of temperature control in a furnace zone 
푦 (푡) Controlled variable of amount of heating gas control in a furnace zone 
푒 (푡) Control error of temperature control system 
푒 (푡) Control error of gas control system 

 
Figure 1 Block diagram of temperature control in individual furnace zones (authors) 

Calculated actuating variable 푢 (푡), as temperature controller output in the observed zone, is the desired 
variable 푤 (푡) for the controller of heating gas flow into burners of observed heated furnace zone. We will 
assume that the setting of the controller of the heating gas flow into burners is optimized and we can expect a 
defined course of the control process that corresponds to the transfer function of the proportional first order 
system 퐺 (푝) [7], [8].  We will expect the transfer function in the form: 

퐺 (푝) =            (1) 

The time constant value 푇  is generally unknown, therefore the time constants 푇  will be included within the 
transfer function 퐺 (푝) to the complex transfer function of the controller  퐺 (푝) 

퐺 (푝) =  퐺 (푝) ∙ 퐺 (푝)          (2) 

which will subsequently be the subject to identification. 

For controller transfer function  퐺 (푝) we can use, for example, the following form (PID controller with 
interaction) 

퐺 (푝) =  푟 1 + 푇 푝 +           (3) 

where 
푟  - setpoint P controller parameter 
푇  - setpoint time constant of D controller parameter 
푇  - setpoint time constant of I controller parameter 

Thus, the complex transfer function of temperature controller 퐺 (푝)  with subsystem of heating gas flow 
amount control will be in the form:  

퐺 (푝) =  1 + 푇 푝 +          (4) 

For other controller types, it would be necessary to modify the complex transfer function 퐺 (푝) to correspond 
the actual mode of control.   

3. MODEL INPUTS AND OUTPUTS 

As shown in Figure 2, the model inputs are the setpoint temperatures of desired variable in the observed 
furnace zone and the actual temperature in the corresponding furnace zone. Model described by the transfer 
function 퐺 (푝) generates the model time course of the actuating variable 푦  (푡) (flow of the heating gas in 
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time), from the time course of the difference between 푤 (푡) and 푦 (푡), i.e. from the control error 
푒 (푡) = 푤 (푡) − 푦 (푡)  

 

Figure 2 Model for calculation of heating gas flow (authors) 

The model contains and processes as many pairs of inputs as are in the heated zone furnace, or how many 
of the furnace temperature controllers are. The individual controllers are typically configured to implement the 
PI or PID type and to generate the actuating variable (setting of the positions of the actuating members of the 
heating gas flows), on the respective number of outputs of for each zone. 

4. OBTAINING PARAMETERS OF THE HEATING GAS FLOW CALCULATION MODEL 

Using reverse Laplace transform and by modifying the expression (4) we obtain the following differential 
equation of integration, which is suitable after the digitization for model programing of the calculation model of 
the heating gases flow. 

푇 ( ) + 푦 (푡) = ∫ 푟 푤 (푡) − 푦 (푡) + 푟 푇 ( ) ( ) + 푟 푇 ( ) ( ) 푑푡   (5) 

Figure 3 illustrates a block diagram that can be used to program algorithms to set the model parameters, so 
that the square of the control errors between the model actuating variable and the measured actuating variable 
of the actual control system is minimal.  

  

Figure 3 Block diagram of a system for obtaining heating gas flow calculation model  
parameters (authors) 

Minimizing the error between the model and the actual process can preferably be performed using artificial 
intelligence or other optimization methods. The result of the optimization is to find the desired parameters  푇 , 
푟 , 푇  and 푇 . Knowledge of these parameters makes it possible to predict the flows of heating gases from 
knowledge of the expected time courses  푤 (푡) and 푦 (푡) [9], [10]. 
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Figure 4 Demonstration of the compliance of actuating variables of the observed system and proposed 

model 

Figure 4 shows the good match between variables of observed system and proposed model.  

Searched optimal parameters 푇 , 푟 , 푇  a 푇  are stated in Table 1. 

The model parameters sufficiently correspond to the observed system. The results of matches are show in 
Table 1.   

Table 1 Searched optimal parameters of a controller and accuracy of the model 

Parameters Values   Parameters Values 

r0 16  ΔAME 35 

TI 100 s   ΔRME 1.5 % 

TD 0 s   ΔAME - Absolute mean error 

TWG 2 s   ΔRME - Relative mean error 
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5. IMPLEMENTATION OF THE HEATING GAS FLOW CALCULATION MODEL INTO FURNACE 
MODEL 

The knowledge of heating gas flow measured values (to calculate the course of the real time heating process) 
or values of the heating gas flow calculated by the model 푞  up to 푞 , (to calculate the expected course of 
the heating process), allows the use of existing simplified models based on temperature values along the 
length of the furnace. For calculation done by the existing model, it is only necessary to correct the measured 
temperatures in the individual zones 푡  up to 푡  with the ratio of influence of the measured heating gas flow 
values 푞  up to 푞 . We obtain the corrected temperature values in each zone of the furnace  푡  up to 푡 . 
The way of their calculation is expressed by the following relation: 

푡
푡

⋮
푡

= 푤

푡푟
푡푟

⋮
푡푟

푡푟
푡푟

⋮
푡푟

…
… 
⋮
…

 푡푟
푡푟

⋮
푡푟

푞
푞

⋮
푞

+ 푤

푡
푡
⋮

푡

        (6) 

Conversion matrix constants 푡푟  can be obtained along with the values of weights 푤  and  푤  based on the 
analysis of the data obtained from test measurements of heating material with towed thermocouples. The value 
푡푟  represents the degree of influence of the heating gas flow value in j-th furnace zone 푞  on the temperature 
correction measured in i-th furnace zone 푡 . From the direction of the flue gas flow in the furnace (from zone 
n to zone 1) it is obvious that values 푡푟  for 푖 > 푗, therefore 푡푟  under the main diagonal, can be considered as 
zero. 

6. CONCLUSION 

These results confirm that the algorithms for implementing the model of calculation of the heating gases flow 
into individual zone burners, as well as algorithms for model parameter searching, can be used to predict the 
flow of heating gases into the individual zone burner in optimizing the furnace operation. Adaptive tuning 
mechanisms of the model allow us to include not only the influence of changes in the controller parameters 
settings, but also the influence of the actuator dynamic properties. 
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Abstract 

The presented article deals with the possibility of using artificial intelligence tools, specifically genetic 
algorithms, in the metallurgical industry. The genetic algorithms are used here to estimate coefficients of 
regression functions. In some cases, the standard regression analysis tools lead to incorrect results. And then 
the genetic algorithms can serve as an optimization tool searching for a certain state space to find functions 
or functionalities optimum. To verify the correctness of this premise we have used the genetic algorithms to 
find coefficients of two regression functions types, namely linear regression function and nonlinear regression 
function. By comparing the results, we have confirmed in the discussion the suitability of using genetic 
algorithms in the field of regression analysis as well. 

Another result of this work is the determination of the general cost equation of the foundry furnaces. The data 
of selected foundries have been used both in classical regression analysis and in genetic algorithms 
applications. 

Keywords: Cost analysis, genetic algorithms, metallurgical industry 

1. INTRODUCTION 

The main purpose of this article is to present the results of the partial cost analysis realized by using the 
regression analysis tools and by using the artificial intelligence - particularly by genetic algorithms - tools at the 
metallurgical industry field. In this particular case the mutual correlation of gas consumption per cycle on the 
charge weight, on the lag temperature and on the cycle length has been researched. 

The regression analysis has been performed on the statistical sample. On the basis of the obtained coefficients 
of the regression function of three variables (charge weight, lag temperature and cycle length) the 
corresponding values of the estimated gas consumption as well as of the residual value have been computed. 

Then for the same data the artificial intelligence tools - especially genetic algorithms - have been applied. Later 
the results obtained by the conventional procedure (regression analysis) use and those reached by the artificial 
intelligence tools (genetic algorithms) use have been compared. 

2. REGRESSION ANALYSIS AND ARTIFICIAL INTELLIGENCE METHODS 

As mentioned in the introduction, the same data from a particular normalizing furnace were analysed first by 
means of convectional statistical methods; with a certain degree of reliability the cost equations were defined 
and by using them the cost model of the heat treatment for the specific normalizing furnace was created. The 
used procedure is applicable also for the creation of the cost (calculation) model for furnaces in other factories 
that do not use it yet. 
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2.1. Regression analysis 

In statistical modelling, regression analysis is a statistical process for estimating the relationships among 
variables. It includes many techniques for modelling and analysing several variables, when the focus is on the 
relationship between a dependent variable and one or more independent variables (or 'predictors'). More 
specifically, regression analysis helps one understand how the typical value of the dependent variable  
(or 'criterion variable') changes when any one of the independent variables is varied, while the other 
independent variables are held fixed. 

Regression analysis estimates the conditional expectation of the dependent variable given the independent 
variables - that is, the average value of the dependent variable when the independent variables are fixed. 

Regression analysis is widely used for prediction and forecasting, where its use has substantial overlap with 
the field of machine learning. Regression analysis is also used to understand which among the independent 
variables are related to the dependent variable, and to explore the forms of these relationships. In restricted 
circumstances, regression analysis can be used to infer causal relationships between the independent and 
dependent variables. However this can lead to illusions or false relationships, so caution is advisable; for 
example, correlation does not imply causation [1]. 

Considering that this is not a new method and its tools are generally known, it will not be more widely 
commented within this article; however, the use of genetic algorithms in this context, as evidenced by the 
search of available resources, is not applied so much and therefore more attention is paid to this matter in the 
following subchapter. 

2.2. Artificial intelligence - Use of Genetic algorithms 

Genetic algorithms (GAs) are powerful search algorithms that perform an exploration of the search space that 
evolves in analogy to the evolution in nature. The power of GAs consists in only needing objective function 
evaluations. So derivatives or other auxiliary knowledge are not used. Instead probabilistic transition rules of 
deterministic rules, and handle a population of candidate solutions (called individuals or chromosomes) that 
evolves iteratively are used. Each iteration of the algorithm is called generation. The evolution of the species 
is simulated through a fitness function and some genetic operators such as reproduction, crossover and 
mutation [2].  

The main idea of genetic algorithms is that we look at the elements of a set of accessible solutions as at living 
organisms in an artificially created environment. Shortly: how the organisms thrive in that environment, i.e., 
their abilities to survive and to reproduce, correspond to the fact how "good" the solutions are. The actual 
search then consists in selecting a certain initial population of these organisms and then simulating of its 
development under the control of evolutionary mechanisms, including natural selection, reproduction, etc. 

GAs are a subset of evolutionary algorithms. Biological motivation of GAs consists in working with the 
population of individuals and in guiding the search for space-based solutions by the means usual for the nature: 
sexual intercourse, mutation and selection of individuals with favouring more appropriate individuals (selective 
pressure). Mathematically, GAs are based on the so-called scheme of theorems and hypothesis of building 
blocks. Genetic algorithms are an universal stochastic search approach that is able to approach the global 
optimum within the bounded space of permissible solutions of the problem [3]. 

The fittest individuals will survive generation after generation while also reproducing and generating offspring’s 
that might be stronger and stronger. At the same time, the weakest individuals disappear from each generation. 
Individuals must be encoded in some alphabet, like binary strings, real numbers, and vectors and others. In a 
practical application of genetic algorithms, a population pool of chromosomes has to be installed and they can 
be randomly set in the beginning. In each cycle of genetic evolution, a subsequent generation is created from 
the chromosomes in the current population. The cycle of evolution is repeated until a termination criterion is 
reached. The number of evolution cycles, or a predefined fitness value can set this criterion [4]. 
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As being stated in the previous chapter, a relatively limited number of authors deals with the issue of genetic 
algorithms specifically in the metallurgical industry application. Except those ones already mentioned before, 
the work of the Feliks, Lenort and Besta team and their article "Model of multilayer artificial neural network for 
prediction of iron ore demand" [5] or the article "Application of Artificial Intelligence Methods for Prediction of 
Steel Mechanical Properties" [6] of prof. Koštialová Jančíková can be quoted. 

3. PROBLEM SOLVING 

This chapter defines how the authors have proceeded to solve a particular assignment; methodological 
apparatus, the results of the work and the discussion about the obtained results are mentioned there, too.  

3.1. Solution process 

As first a regression analysis was performed by the method of minimization of deviations which includes also 
the terms that are the multiple of individual independent variables. The next step was to determine the 
coefficients of the general regression function using genetic algorithms 

In case of genetic algorithms the comparison of the practically measured data with the predicted data was also 
performed, depending on the value of the individual variables. The relationship of the variables mentioned 
below can be written mathematically as follows: 

푦 ~ 1 + 푥 +  푥 +  푥                                                                                                                                                  (1) 

The meaning of the following variables is as follows: 

 dependent „consumption (풚)“ indicates the gaseous media consumption in normal m3, 
 „constant value“ (in Table 1 labelled as intercept, this is a point of intersection with an x-axis for zero 

values of all variables), 
 „charge weight (풙ퟏ)“ indicates the weight of the charge in tonnes, 
 „cycle time (풙ퟐ)“ indicates the length of the whole cycle in hours, 
 „temperature of delays (풙ퟑ)“ indicates the normalization temperature in °C. 

3.2. The comparison of results obtained by regression analysis and by GAs using 

Table 1 The comparison of regression analysis with using of GAs and conventional procedures 

 GAs Linear regression model obtained by conventional procedure 

 Estimate Estimate SE tStat pValue 

(Intercept) -1212.7705 -1212.8 41.216 -29.424 2.1279e-147 

푥  11.4007 11.401 0.7197 15.841 5.8725e-52 

푥  17.5686 17.569 0.9403 18.684 1.8521e-69 

푥  3.3945 3.3945 0.0486 69.835 0 

The list of parameters below expresses the statistical significance of each item of the regression function 
calculated by using of the conventional procedure. When using Gas, the statistical regression parameters must 
be determined by a separate calculation. 

Parameters of linear regression: 

 Number of observations: 1352; 
 Error degrees of freedom: 1348; 
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 Root Mean Squared Error: 391; 
 R-squared: 0.834; 
 Adjusted R-Squared: 0.833; 
 F-statistic vs. constant model: 2.25e+03. p-value = 0. 

3.3. The results of regression analysis with GAs using 

The GAs best practice and GAs approach shows the selected graphs that characterize the gradual search for 
the final solution and the speed (i.e. the number of generations) with which GAs will find the final result. 

 
Figure 1 Graphic depiction of GAs usage 

The first graph in Figure 1 (Average distance between individuals) shows the average difference of individuals 
in the respective generation. It can be visible in the graph that the distance (which expresses the difference of 
individuals in the separate generations) has not changed significantly after the 25th generation. 

The second graph in Figure 1 (Fitness Scaling) shows that in the most individuals in the generation the score 
lies at a very narrow interval and therefore the results of the crossing will no longer be very different from 
previous generations. Raw scores are returned by the fitness function to values in a range that is suitable for 
the selection function. The selection function uses the scaled fitness values to select the parents of the next 
generation. The selection function assigns a higher probability of selection to individuals with higher scaled 
values. 

The third graph in Figure 1 shows the crossing procedure of the separate generations. The fourth chart shows 
the number of off springs of the last generation particular members. 
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For the linear regression the GAs using is not needed as common regression analysis methods find a global 
optimum and do not stay in a local optimum (this is due to the use of linear functions). For nonlinear regression, 
in particular by using of more complex relationships, it can lead - in case of classical regression - to a local 
extreme lockup, especially in case of inappropriately determined initial estimation of function parameters. Just 
GAs that are used to search large state spaces, due to crossing and mutation properties, have the ability to 
find the global optimum [7]. 

3.4. Nonlinear regression with GAs using 

The previous chapter, at the simple example, shows the use of GAs to create a linear regression model (cost 
model). 

The coefficient k0 (Intercept), which is negative for linear regression relation, does not give any direct physical 
sense. One of the possible interpretations would be that it means the overheads of the furnace, but in that 
case the coefficient should be positive. Therefore, the efforts were made to find non-linear regression functions 
for which this coefficient would be positive. The general form of the regression function is shown by the 
following relationship: 

푦 = 푘 + 푘 푥 + 푘 푥 + 푘 푥 + 푘 푥 . 푥 + 푘 푥 . 푥 + 푘 푥 . 푥 + 푘 푥 . 푥 . 푥 + 푘 . + 푘 . +

푘 . + 푘 . + 푘 . + 푘 .            (2) 

The genetic algorithm has found a minimum of deviations between the actual and predicted gas consumption 
but using of another algorithm shows that when looking for coefficients of this complex function by standard 
procedures the values of some parameters are poorly conditioned (it means that the found values of individual 
coefficients are only one of many variants for which regression functions will predict almost identical results in 
terms of the sum of deviations).  

The equation was created by a direct transcription of the MatLab program code which did not contain members 
with coefficients k8 and k9 and therefore also in the Table 2 there are the limits set to 0. The coefficient k7  value 
was set by the genetic algorithm. 

Table 2 Coefficients of nonlinear regression function obtained by using GAs 

 k0 k1 k2 k3 k4 k5 k6 k7 k8 k9 k10 k11 k12 k13 k14 k15 

limits ± 1000 ± 1000 ± 1000 ± 1000 ± 1000 ± 1000 ± 1000 ± 1000 0 0 ± 5000 ± 5000 ± 5000 ± 5000 ± 5000 ± 5000 

coeff. 
value 

-594.22 24.65 -7.79 2.15 -717.1 0.02 715.06 0 0 0 -256.5 37.64 5000 4.84 5000 -1.50 

Once the values of the coefficients from the Table 2 have been set, the function is following: 

푦 = −594.22 + 24.65푥 − 7.79푥 + 2.15푥 − 717.1푥 . 푥 + 0.02푥 . 푥 + 715.06푥 . 푥 − 256.5. + 37.64. +

5000. + 4.84. + 5000. − 1.5.             (3) 

It is shown that even the deviation coefficient R2 (in this case R2 = 0.8672) is higher than in the case of linear 
regression, this function is not too much suitable for prediction of the actual furnace operation considering the 
complexity as well as the variability of the coefficients. 

Genetic algorithms seem to be an appropriate tool for determining the coefficients of such complex 
dependencies. Due to the high variability of individual coefficients we assume that it will be appropriate to 
extend the cost function by other independent variables, such as: preheated air temperature, lag time, 
permitted heating and cooling temperature gradient, or others. 
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4. CONCLUSION 

The purpose of the study, the results of which are presented in this article, was to compare one of the foundry 
cost items, namely gas consumption for normalizing for different furnaces and different types of technological 
processes. The result shows that all examined furnaces showed a compliance in the structure of the regression 
function (the same type). Different furnace designs led to different values of regression function parameters. 
The differences did not, however, exceed the size of one degree, from which it can be deduced that the 
regression formula is suitable as a universal cost estimation tool, however it is necessary to set these 
parameters individually for each furnace. The model will be further elaborated to explain better the individual 
regression function parameters. This will be done by selecting of further regression function variables. 

In the frame of other research activities it would be appropriate to create a complex cost model for the 
foundries. It means a model that will not only involve the heat treatment process, but all previous and 
subsequent activities, from the preparation of moulding compounds, mould and core production, through steel 
melting, resp. casting, shaping, cleaning, diagnostics and defects removal, to the expedition. 
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Abstract 

The current labour market is characterized by the lack of qualified candidates for all industries. There are ever 
less students of technical branches in all levels of the education system and this fact has negative influences 
mainly on manufacturing sectors. Czech foundries have had problems in finding suitable employees even 
during times of a higher unemployment rate, when the labour market was offering more candidates, so today 
the lack of candidates for them is really critical. Although foundries often offer higher than average salaries, 
young people prefer physically less demanding work for lower salaries and their fluctuation has been 
significantly increasing. The paper therefore focused on the main problems of human resource management 
in the selected foundry with the aim of finding, discussing and proposing potential solutions for more effective 
employee recruitment and motivation. 

Keywords: Human Resource, Recruitment, Motivation, Foundry 

1. INTRODUCTION 

According to hierarchisation of location factors for largest enterprises in the Czech Republic, the local work 
force quality belong among six most importnat factors for company location [1]. A decreasing unemployment 
rate means that the economy and people prosper better. Nevertheless, such a trend causes bigger and bigger 
problems for the managers of companies looking for high-quality employees. An even worse situation 
dominates in industries which have been facing a lack of qualified candidates for many years. These are mainly 
industries which depend on qualified employees with vocational and secondary education. Industries where 
graduation opens the door to physically demanding jobs have been becoming more unpopular among the 
young people in the Czech Republic for many years. The Czech Republic mainly lacks young people across 
all technical branches. The technical fields are studied by only about 35 % of high-school students. The most 
popular branches are management, economy and humanities [2]. 

Graduates of technical and IT fields of study have the biggest chance on the labour market. Moravian-Silesian 
Region, where large metallurgical, engineering and mining companies are based, was lacking almost one 
thousand graduates of engineering fields of study back in 2011, including more than 200 graduates in the 
mining and foundry categories [3]. 

Large companies, such as Škoda Auto, manage this situation by establishing their own secondary schools. 
Třinecké železárny responded to the lack of graduates of mining fields by establishing their own private 
secondary school back in 2009.  

The current low unemployment rate and minimum interest of children and young people to study foundry fields 
make the situation even worse for foundry and other metallurgical industries, despite the fact that Czech 
foundries have a long tradition and their products have an excellent reputation in the world, and this industry 
will certainly not disappear from the Czech market for a long time; more to the contrary. Nevertheless, the 
panel discussion of foundry experts from the Czech Republic and Slovakia held on November 2016 identified 
the lack of qualified personnel, both hourly and salaried employees, as the main weakness of this industry in 
both countries. [4]  



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2070 

Recruiting, educating and retaining qualified employees became the main task of personnel management not 
only in the foundry industry. 

2. PROBLEM SPECIFICATION IN A PARTICULAR COMPANY 

The foundry, the personnel situation of which this paper deals with, is situated in Moravian-Silesian Region. 
The foundry is a private company with more than one hundred years of casting tradition. The foundry makes 
castings of grey cast iron and ductile cast iron for major industrial companies all over Europe. It employs 130 
people on average. Over the past four years, the fluctuation has ranged from 8 - 16 % [5], whereas a healthy 
fluctuation rate comprises values from 5 to 7 %.  

The major unemployment rate decrease has stronger and stronger negative impacts on the fluctuation rate of 
the company, because even the small qualified labour force currently has a chance to secure a job under much 
less demanding working conditions under identical or only slightly worse financial terms. 

What makes the situation even worse is the fact that only a minimum of newly hired employees have 
qualifications or at least some experience in the foundry industry. Therefore, a company that needs to perform 
concluded contracts only invests in a new employee in the first few months. This includes the labour costs, 
social security and public health insurance and employee benefits, costs of induction examinations, required 
safety and on-the-job training, but also the time of the site mentors who need to pay extra attention to the 
newly hired employees for several weeks before assigning them independent work. Such an adaptation period 
when such a new, mostly unqualified and inexperienced, employee is more an expense than revenue to the 
company lasts for 2 - 4 months on average, based on the position, ability and motivation of the employee. 

Another problem for the company management is the poor work attitude and dedication of most of mostly 
young or newly hired employees. They often already have debts or are burdened with executions, so most of 
their income is deducted and, after making the statutory payments, they are left with the same amount whether 
or not they achieve the performance incentives. At present, young people start a family later in general, they 
often live with their parents, and thus lack the internal motivation to perform better in order to earn a higher 
wage. And, for the same reason, they go for financially less advantageous sickness leave more often than 
responsible and experienced employees with obligations towards their families and mainly with a different 
attitude to the employer’s obligations. 

Besides the salary, the foundry management offers a number of other mandatory and voluntary wage 
components and employee benefits to the personnel. However, they do not help attract and stabilize the labour 
force in the company, either. They realize that external motivation incentives represent the valuation of work 
by the enterprise, whether financial or non-financial. The motivation to do most activities including work is a 
combination of both. [6] 

3. PROPOSED SOLUTIONS 

Based on an analysis of the long-term experience of the foundry obtained from internal documents and 
consultations with the company manager and chief personnel coordinator, and using the outcome of the above-
mentioned panel discussion and own scientific exploration of case studies, the authors recommend the foundry 
management consider the following suggestions: 

The first area the foundry needs to focus on is its image as a responsible employer taking care of its employees. 
A competitive advantage of the foundry is its location in the region with hard-working people adherent to the 
region in the long term. At the present time of excessive demand from companies for a labour force, company 
goodwill plays a critical role and may induce the candidate to choose this company. In addition, it is less risky 
for the foundry if it obtains a new employee based on the recommendation of an existing employee, as it is 
more likely that they will be a reliable employee. And, only a satisfied employee recommends working for the 
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same employer to his friends or family. In this respect, the foundry does its best, investing huge financial 
amounts in production modernization on a continuous basis. It has completely refurbished buildings and 
sanitation facilities and tries to make the working environment more pleasant for its employees to the extent 
possible in the given field and production technology, performing further refurbishments. It is a responsible and 
highly perspective long-term employer. However, the company promotes these competitive advantages 
insufficiently. This is attractive information for potential employees and it should definitely be clearly visible not 
only on the company website, but also in all job advertisements. 

It is a small-scale company. This is an advantage as both the director and personnel manager have the 
opportunity to meet all employees in person relatively often. They can utilize the open door method, perhaps 
at certain times, in order to individually focus on their needs and continue to adjust the working conditions and 
incentives for the employees to perform optimally and not to leave the company. The authors further 
recommend conducting an employee satisfaction survey in two- to three-year intervals, which will help them 
induce measures in the areas of working conditions or financial and non-financial motivation. The company 
already introduced some incentives throughout the company in the past, without surveying the employees' 
interest. This, for instance, includes contribution to sports activities or vitamins. The interest was minimal, and 
the expenses and work of the personnel department went astray. An anonymous survey among employees 
would help avoid such unsuccessful activities and focus on more efficient forms of support of the employees’ 
performance. 

In the authors’ opinion, the company does not optimally apply the system of financial incentives. It is suitably 
split into a fixed and variable part; however, most employees are not able to calculate themselves how much 
they are supposed to have on their payroll slips for the given month, because there are many items and those 
which are supposed to be variable are paid on a regular basis and the employees rely on them. But, when the 
company does not reach sufficient sales, the management might cancel or reduce the variable component. 
However, such a step causes the employees to feel highly disincentive and dissatisfied because they consider 
the variable component to be mandatory as well. 

One of the wage components is also the premium for not exceeding the absenteeism rate. Many of the 
employees learn about this at the time when they are sick and they miss “something” in their wage in an 
otherwise identical amount and they do not know what. The problem of insufficient employees’ awareness of 
their wage and benefits consists in poor promotion and communication with employees concerning their wage 
components; in particular, which of them reflect an eventual increase or decrease in performance of the 
foundry or of the employees. The foundry has thoroughly worked out the remuneration system, with motivation 
potential and it is financially very interesting compared to other possible local employers, but it is not using it 
as it could, i.e. for attracting and retaining well-performing employees. 

This is the reason why the paper's authors recommend the foundry management generates a simple and clear 
manual describing all wage components and all employee benefits so that they can compare what the 
employer offers them and what they would perhaps not receive in another local company or in case of 
decreased performance. 

Better loyalty of employees can also be achieved by presenting company products, the creation of which the 
employees contribute to. An employee should be proud of what the company produces. It is appropriate to 
post pictures or parts of products or components in the buildings so that the employees can see how the 
management appreciates their work. 

The foundry is a company with a long tradition. Despite which, it is a company which uses state-of-the-art 
trends and technologies, a company with a broad portfolio of prestigious customers and great plans for the 
future. It is still more and more difficult for it to obtain the required labour force despite these strengths. 
Therefore, the management should already think of labour force sources in the perspective of 10 or more 
years. The manager or personnel specialist may take advantage of the foundry’s good will and contact students 
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of the second degree of local and regional elementary schools and presentthe job opportunities in their 
company. A proper presentation directed at children emphasizing all of the above-mentioned competitive 
advantages or describing the incentives (such as financial or non-financial benefits upon commencement of 
the field of study) may help the students to decide on the respective field of study at a vocational or secondary 
school and it thus might be easier for the foundry to obtain new employees in the future. 

4. CONCLUSION 

The evaluated foundry has been facing a lack of qualified labour force like the other manufacturing and mainly 
metallurgical companies. 

The authors have discovered that the management and personnel specialist are responsible in this respect, 
actively taking a number of measures which help them recruit the required number of employees. However, 
the outstanding issue comprises the qualification, experience and work attitude of new employees, the 
associated higher fluctuation range, and the constant need to hire new labour. 

Therefore, the authors recommend that the foundry focus its employee motivation on maximum utilization of 
its competitive advantages, the possibility of an individual approach to the relatively low number of employees, 
and on receiving and evaluating feedback from its employees. The company must think in a longer term 
perspective and begin influencing elementary school pupils. 
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Abstract 

Sustainability is widely accepted as one of the most important approaches, which allows to reach a long-term 
success in the metallurgical industry. Sustainability considers three fundamental dimensions: economic, 
environmental and social. Each dimension contains a relatively high number of specific topics. The aim of the 
paper is to identify key topics used by world-leading metallurgical companies. The research work is based on 
the analysis of the metallurgical companies’ sustainability reports and categorisation of the sustainability 
specific topics according to Global Reporting Initiative standards. 

Keywords: Sustainability, metallurgical industry, GRI standards 

1. INTRODUCTION 

The metallurgical industry faces many challenges in the recent global, competitive, and turbulent business 
environment. Sustainability is widely accepted as one of the most important approaches, which allows to reach 
a long-term success in the industry. Metallurgical companies use reporting to measure, analyse and evaluate 
the sustainability strategy. This reporting is usually carried out according to international standards. The most 
often are used standards by Global Reporting Initiative (GRI), an international independent organization that 
helps businesses, governments and other organizations understand and communicate the impact of business 
on critical sustainability issues such as climate change, human rights, corruption and many others [1]. The aim 
of the paper is to identify key topics used by world-leading metallurgical companies based on the analysis of 
the metallurgical companies’ sustainability reports and categorisation of the sustainability specific topics 
according to GRI standards. 

2. LITERATURE REVIEW 

2.1. Sustainability of an industrial enterprise 

Sustainability is practiced globally as a comprehensive strategy for improving the sustainability performance 
of the manufacturing industry [2]. Although there exists a divergence of definitions of sustainability, most of 
them are based on the Elkington’s [3] triple bottom line considering three fundamental sustainability 
dimensions - economic, environmental and social (e.g. definitions by Sikdar [4], Goncz [5] or Lijo and 
Gopalakrishnan [6]) 

2.2. Sustainability studies in the metallurgical industry 

Sustainability issues in the metallurgical industry was studied by several authors. For example, Peng et al. [7] 
studied how sustainable metallurgical processes encompass new theory and techniques regarding the 
optimization of existing processes for improved energy efficiency, enhanced environmental benefits, and 
increased resource/waste/by-product utilization. The authors focused on new "cleaner" metallurgical 
technologies and, in this context, chose articles that in this topic exemplify how recent efforts trigger the 
development of metallurgy by improving its sustainability, from basic theories through methodologies to 
practices. 
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Xiaohong et al. [8] applied the eMergy analysis to the sustainability of Chinese steel production in 1998 - 2004. 
According to the results presented by the authors, it was obvious that sustainability was very low and declining 
in this period, emissions obviously reduce the sustainability although their impacts are generally decreasing, 
and the main reasons lie in its low non-renewable resources and energies' efficiencies. Finally, they bring 
suggestions for improving its comprehensive performance. 

3. RESEARCH METHODOLOGY 

GRI defines the topic-specific standards for each dimension. Economic sustainability includes six topics, 
environmental sustainability eight topics, and social sustainability nineteen topics (see Table 1) [1]. Each topic 
contains one or more disclosures. For example, the economic disclosures are shown in Table 2. 

Table 1 GRI sustainability topics [1] 

Economic Dimension Environmental Dimension 
Economic Performance Materials 
Market Presence Energy 
Indirect Economic Impacts Water 
Procurement Practices Biodiversity 
Anti-corruption Emissions 
Anti-competitive Behaviour Effluents and Waste 
 Environmental Compliance 
 Supplier Environmental Assessment  

Social Dimension 
Employment Rights of Indigenous Peoples 
Labour/Management Relations Human Rights Assessment 
Occupational Health and Safety Local Communities 
Training and Education Supplier Social Assessment  
Diversity and Equal Opportunity Public Policy 
Non-discrimination Customer Health and Safety 
Freedom of Association and Collective Bargaining Marketing and Labelling 
Child Labour Customer Privacy 
Forced or Compulsory Labour Socioeconomic Compliance  
Security Practices  

Table 2 GRI economics disclosures [1] 

Topic Disclosure 

Economic Performance 

Direct economic value generated and distributed 
Financial implications and other risks and opportunities due to climate change 
Defined benefit plan obligations and other retirement plans 
Financial assistance received from government 

Market Presence 
Ratios of standard entry level wage by gender compared to local minimum wage 
Proportion of senior management hired from the local community 

Indirect Economic Impacts 
Infrastructure investments and services supported 
Significant indirect economic impacts 

Procurement Practices Proportion of spending on local suppliers 

Anti-corruption 
Operations assessed for risks related to corruption 
Communication and training about anti-corruption policies and procedures 
Confirmed incidents of corruption and actions taken 

Anti-competitive Behaviour Legal actions for anti-competitive behaviour, anti-trust, and monopoly practices 
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GRI administers the GRI Sustainability Disclosure Database, which is a collection of all sustainability reports 
of which GRI is aware. To analyze sustainability topics, top 10 steel-producing companies were selected (see 
Table 3). The “GRI” column in Table 3 indicates the company has a sustainable report according to GRI. The 
“Selected” column shows what companies were selected for the detailed analysis. The selection criteria were: 
(1) The sustainability report is available in GRI Sustainability Disclosure Database or web sites of the company; 
(2) The sustainability report is in English language; (3) The report includes a clear GRI content index, which 
presents the page number or URL for all reported disclosures. These criteria met five companies: ArcelorMittal, 
POSCO, Baosteel Group, JFE Steel Corporation, and Tata Steel Group. 

Table 3 Top 10 steel-producing companies in 2015, tonnage in million tonnes of crude steel production [9] 

Ran
k 

Company Country Tonnage GRI Selected Identifier Referenc
es 

1 ArcelorMittal Luxembourg 97.14 x x I [10] 
2 Hesteel Group China 47.75     
3 NSSMC Japan 46.37 x    
4 POSCO South Korea 41.97 x x II [11] 
5 Baosteel Group China 34.94 x x III [12] 
6 Shagang Group China 34.21     
7 Ansteel Group China 32.50 x    
8 JFE Steel Corporation Japan 29.83 x x IV [13] 
9 Shougang Group China 28.55     

10 Tata Steel Group India 26.31 x x V [14] 

4. RESULTS AND DISCUSSION 

The analysis was based on the comparison of sustainability topics and disclosures, included in the 
sustainability reports by the metallurgical companies, with the complete list of GRI topics and disclosures 
recommended in GRI standards. Each GRI disclosure was evaluated using three level scale: F - fully include, 
P - partially included, and N - not included. Detailed results of the conducted analysis are shown in Table 4 
(economic dimension), Table 5 (environmental dimension), and Table 6 (social dimension). 

Table 4 Economic dimension topics and disclosures 

GRI Topic Disclosure I II III IV V 

Economic 
Performance 

Direct economic value generated and distributed F F F F F 
Financial implications and other risks and opportunities due to climate 
change F F F F F 

Defined benefit plan obligations and other retirement plans F F F F F 
Financial assistance received from government N F N N N 

Market Presence 
Ratios of standard entry level wage by gender compared to local 
minimum wage N F F N N 

Proportion of senior management hired from the local community N F F N N 

Indirect Economic 
Impacts 

Infrastructure investments and services supported F F F F F 
Significant indirect economic impacts N F F F F 

Procurement 
Practices 

Proportion of spending on local suppliers N F F N N 

Anti-Corruption 

Operations assessed for risks related to corruption N N F N F 
Communication and training about anti-corruption policies and 
procedures P P F F F 

Confirmed incidents of corruption and actions taken N P N N F 
Anti-Competitive 
Behaviour 

Legal actions for anti-competitive behaviour, anti-trust, and monopoly 
practices N N N N N 
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Table 5 Environmental dimension topics and disclosures 

GRI Topic Disclosure I II III IV V 

Materials 
Materials used by weight or volume F F N F F 
Recycled input materials used F F N F P 
Reclaimed products and their packaging materials N N N F N 

Energy 

Energy consumption within the organization P F F F F 
Energy consumption outside of the organization N F F F F 
Energy intensity F F F F F 
Reduction of energy consumption F F F F F 
Reductions in energy requirements of products and services F F F F N 

Water 
Water withdrawal by source F F F N F 
Water sources significantly affected by withdrawal of water N F F F N 
Water recycled and reused N F F F F 

Biodiversity 

Operational sites owned, leased, managed in, or adjacent to, protected areas 
and areas of high biodiversity value outside protected areas F F N N F 

Significant impacts of activities, products, and services on biodiversity N F N F F 
Habitats protected or restored F F N N F 
IUCN Red List species and national conservation list species with habitats in 
areas affected by operations F N N N F 

Emissions 

Direct (Scope 1) GHG emissions F F N F F 
Energy indirect (Scope 2) GHG emissions P F F F F 
Other indirect (Scope 3) GHG emissions F F F F F 
GHG emissions intensity F F F F F 
Reduction of GHG emissions N F F F F 
Emissions of ozone-depleting substances (ODS) N F F N F 
Nitrogen oxides (NOx), sulphur oxides (SOx), and other significant air 
emissions F F F F F 

Effluents and 
Waste 

Water discharge by quality and destination F F F F F 
Waste by type and disposal method P F F F F 
Significant spills N N F N F 
Transport of hazardous waste N N F N N 
Water bodies affected by water discharges and/or runoff N F F N F 

Environmental 
Compliance 

Non-compliance with environmental laws and regulations F N F N N 

Supplier 
Environmental 
Assessment 

New suppliers that were screened using environmental criteria F N N N N 
Negative environmental impacts in the supply chain and actions taken P F N N N 

In the economic dimension, the metallurgical companies pay attention to all GRI topics, except Anti-
Competitive Behaviour. They put the most emphasize on Economic Performance and Indirect Economic 
Impacts topics. From the Economic Performance topic are the most often mentioned these disclosures: Direct 
economic value generated and distributed, Financial implications and other risks and opportunities due to 
climate change, and Defined benefit plan obligations and other retirement plans. Infrastructure investments 
and services supported is the most important disclosure in the Indirect Economic Impacts topics. 

In the environmental dimension, the metallurgical companies put the smallest emphasis on Environmental 
Compliance and Supplier Environmental Assessment topics. The greatest attention is paid to Energy and 
Emissions topics, but relatively significant are also Water, and Effluents and Waste topics. The most important 
Energy disclosures are Energy intensity and Reduction of energy consumption and Emissions ones are GHG 
emissions intensity, and Nitrogen oxides (NOx), sulphur oxides (SOx), and other significant air emissions. 
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Table 6 Social dimension topics and disclosures 
GRI Topic Disclosure I II III IV V 

Employment 

New employee hires and employee turnover P F F F F 
Benefits provided to full-time employees that are not provided to 
temporary or part-time employees N F F F F 

Parental leave N F F F F 
Labour / 
Management 
Relations 

Minimum notice periods regarding operational changes 
P F F N F 

Occupational Health 
and Safety  

Workers representation in formal joint management-worker health and 
safety committees F F F F F 

Types of injury and rates of injury, occupational diseases, lost days, 
and absenteeism, and number of work-related fatalities F F F F F 

Workers with high incidence or high risk of diseases related to their 
occupation N F F N F 

Health and safety topics covered in formal agreements with trade 
unions N N F N F 

Training and 
Education  

Average hours of training per year per employee F F F F F 
Programs for upgrading employee skills and transition assistance 
programs F F F F N 

Percentage of employees receiving regular performance and career 
development reviews F F F N F 

Diversity and Equal 
Opportunity  

Diversity of governance bodies and employees F F F F N 
Ratio of basic salary and remuneration of women to men N F F N N 

Non-Discrimination Incidents of discrimination and corrective actions taken N F N N P 
Freedom of 
Association and 
Collective 
Bargaining  

Operations and suppliers in which the right to freedom of association 
and collective bargaining may be at risk F F N N F 

Child Labour  Operations and suppliers at significant risk for incidents of child labor N F N N N 
Forced or 
Compulsory Labour  

Operations and suppliers at significant risk for incidents of forced or 
compulsory labour N F N N N 

Security Practices Security personnel trained in human rights policies or procedures P N N N N 
Rights of 
Indigenous Peoples  

Incidents of violations involving rights of indigenous peoples P P N N P 

Incidents of 
violations involving 
rights of indigenous 
peoples 

Operations that have been subject to human rights reviews or impact 
assessments N F N N N 

Employee training on human rights policies or procedures P F N F F 
Significant investment agreements and contracts that include human 
rights clauses or that underwent human rights screening N N N N F 

Local Communities  

Operations with local community engagement, impact assessments, 
and development programs N F F F N 

Operations with significant actual and potential negative impacts on 
local communities F N F F N 

Supplier Social 
Assessment  

New suppliers that were screened using social criteria F F F N N 
Negative social impacts in the supply chain and actions taken P N N N N 

Public Policy  Political contributions N N N N N 

Customer Health 
and Safety  

Assessment of the health and safety impacts of product and service 
categories N F F F F 

Incidents of non-compliance concerning the health and safety impacts 
of products and services N N F N F 

Marketing and 
Labelling  

Requirements for product and service information and labeling N F F N F 
Incidents of non-compliance concerning product and service 
information and labelling N P F F N 

Incidents of non-compliance concerning marketing communications N N F N N 
Customer Privacy  Substantiated complaints concerning breaches of customer privacy 

and losses of customer data N N F N N 

Socioeconomic 
Compliance  

Non-compliance with laws and regulations in the social and economic 
area F N F N N 
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In the social dimension, the metallurgical companies pay attention to all GRI topics, except Public Policy. 
However, there are many topics, which have very small significance for analyzed companies (especially Non-
Discrimination, Child Labour, Forced or Compulsory Labour, Security Practices, and Customer Privacy). On 
the other hand, they put the most emphasize on Employment, Occupational Health and Safety, Training and 
Education topics. The most important Employment disclosure is New employee hires and employee turnover. 
In the Occupational Health and Safety are the most significant these two disclosures: Workers representation 
in formal joint management-worker health and safety committees, and Types of injury and rates of injury, 
occupational diseases, lost days, and absenteeism, and number of work-related fatalities. In the Training and 
Education topic is substantial Average hours of training per year per employee. Relatively high attention is 
paid to Labour / Management Relations, Diversity and Equal Opportunity. 

5. CONCLUSION 

The comparative study of sustainable topics in the metallurgical industry allows to identify the most important 
topics and disclosures in the economic, environmental, and social sustainability dimensions. It has been 
confirmed an essential role of the economic dimension in the form of economic performance and indirect 
economics impacts. Economic performance is the most important success factor of each metallurgical 
company for many years [15], but as a standard are also understood infrastructure investments into the 
affected region. Analysis of the environmental dimension indicates the dimension is very crucial for the 
metallurgical industry due to very serious negative impacts on environment, especially in the area of energy 
consumption and emissions release. Employee aspects are very important for social dimension. Employment 
is underlined because the industry belongs among the largest industrial employers. The health and safety area 
is crucial since the metallurgical operations have the increased risk of injuries or fatalities. Training and 
education is important factor for internal sustainability of the metallurgical companies. 

ACKNOWLEDGEMENTS   

The work is research output of the project “Green Solutions for Business and Industry”, funded with 
the support of the European Union under the programme “Erasmus+”, project registration number: 
2014-1-CZ01-KA203-002096 and of the specific university research of Ministry of Education, Youth 

and Sports of the Czech Republic at SKODA AUTO University No. SGS/2015/02. 

REFERENCES 
[1] Global Reporting Initiative. GRI Standards, [19.05.2017], retrieved from:  

https://www.globalreporting.org/standards/ 

[2] LI, T., ZHANG, H., YUAN, C., LIU, Z., FAN, C. A PCA-based method for construction of composite sustainability 
indicators. The International Journal of Life Cycle Assessment, 2012, vol. 17, pp. 593-603. 

[3] ELKINGTON, J. Enter the Triple Bottom Line. In HENRIQUES, A., RICHARDSON, J. (Eds), The Triple Bottom 
Line: Does It All Add up? London: Earthscan, 2004, pp.1-16. 

[4] SIKDAR, S. K. Sustainable development and sustainability metrics. AIChE Journal, 2003, vol. 49, no. 8, pp. 1928-
1932. 

[5] GONCZ, E., SKIRKE, U., KLEIZEN, H., BARBER, M. Increasing the rate of sustainable change: a call for a 
redefinition of the concept and the model for its implementation. Journal of Cleaner Production, 2007, vol. 15, no. 
6, pp. 525-37. 

[6] LIJO, J., GOPALAKRISHNAN, N. Converging sustainability definitions: industry independent dimensions. World 
Journal of Science, Technology and Sustainable Development, 2015, vol. 12, no. 3, pp. 206-232. 

[7] PENG, Z., GREGUREK, D., WENZL, C. Sustainability in Metallurgy. JOM: the journal of the Minerals, Metals & 
Materials Society, 2015, vol. 67, no. 9, pp. 1931-1932. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2079 

[8] ZHANG, X., JIANG, W., DENG, S., PENG, K. Emergy evaluation of the sustainability of Chinese steel production 
during 1998-2004. Journal of Cleaner Production, 2009, vol. 17, no. 11, pp. 1030-1038. 

[9] World Steel Association. World Steel in Figures. World Steel Association, 2016. 
[10] ArcelorMittal. Annual Review 2015: Structural Resilience. ArcelorMittal. 2016. 

[11] POSCO. POSCO Report 2015: Integrated Report of Economic, Environmental and Social Sustainability. POSCO, 
2016. 

[12] Baosteel Group Corporation. CSR Report 2014. Baosteel Group Corporation, 2014. 
[13] JFE Group. CSR Report. JFE Group, 2015. 
[14] TATA STEEL. Sustainability report 2014-15. TATA STEEL, 2015. 
[15] POMYKALSKI, P. Profitability and asset structure of basic metal manufacturing companies. In METAL 2016: 25th 

International Conference on Metallurgy and Materials. Ostrava: TANGER, 2016, pp. 1689-1694. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2080 

PERSPECTIVES AND LIMITATIONS OF ANALYTICAL MODELLING OF RESILIENCE 
IN METALLURGICAL SUPPLY CHAIN USING MODIFIED MANUFACTURING LINE MODELS 

CECH Martin, LENORT Radim, WICHER Pavel 

VSB - Technical University of Ostrava, Faculty of Metallurgy and Materials Engineering,  
Ostrava, Czech Republic, EU  

Abstract 

The concept of resilience has gained increasing attention in recent years for its importance and practical 
implications for a wide range of professionals across different disciplines. To date, much attention has been 
paid to defining resilience, the possibilities of its measurement, the methodological frameworks for its 
construction, and simulation models. So far, however, analytical models have not been introduced to assess 
the resilience according to individual scenarios of its increasing in particular supply chains with regard to costs 
incurred. The aim of the article is to introduce, analyse and evaluate the possibilities of using modified analytical 
production line models to optimize investments directed to individual supply chain links to increase its overall 
resilience. For the purposes of the article, a model example of the structure of the real metallurgical supply 
chain is used. The possibilities and limitations of individual models and possibilities of their practical 
implementation in the management of metallurgical supply chains are discussed. 

Keywords: Resilience, supply chain, metallurgy, manufacturing line models, modelling 

1. INTRODUCTION 

As the supply chain management is gaining increasing level of attention in last years, there have been much 
effort made in the field of modelling its properties and behaviour. Especially the concept of supply chain 
resilience, its modelling, assessing and controlling is a common topic for logistics community. So far the most 
models presented have been simulation-based, which takes its limitations as well as advantages. The aim of 
this paper is to explore possibilities of analytical approach to modelling supply chain behaviour under resilience 
with the use of models developed originally for modelling production lines. The idea is to transfer and adjust 
the modelling methodology from the detailed scale of the production line to the more global scale of supply 
chain. Behind the idea is the assumption, that both structures can be considered similar in some basic 
characteristics, such as they are composed of interconnected links of certain structure, with certain up-times 
and down-times probabilities, production rate and kind of intermediate storage. 

1.1. Supply Chain Resilience 

The concept of resilience is considered a successive concept as the past leading concepts of leanness and 
others are fading with the volatile environment and various factors causing disruptions [1]. As many definitions 
of resilience occurred in past years, for purposes of the paper the resilience of a system - supply chain - will 
be considered the ability to return to its original state or to move to a new, more desirable state after being 
disturbed [2]. According to the World Economic Forum (WEF) [3], the most important ones include: natural 
disasters, extreme weather changes, conflicts and political troubles, terrorism and sudden radical changes of 
demand. 

1.2. Manufacturing line models  

The purpose of this article is to explore possibilities and limitations of use of manufacturing lines models when 
modelling supply chain resilience. Manufacturing flow line systems consists of material, work areas and 
storage areas, where material flows from work area to storage area and to work area. Every work and storage 
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area is visited exactly once and in fixed sequence and there is a first and the last work area where material 
enters and leaves the system. Randomness of models may due to stochastic processing times, failure rates 
and repair times [4]. Modelling of manufacturing lines has been intensively studied since early 1950’s. As the 
nature of the problem, analytical models has been presented only for lines with two, and later with three 
machines in the sequence. Significant effort has been made in the field and large number of publications 
describing various approaches is available. For further reading and references historical we recommend 
historical reviews on the topic, including Buzacott [5], Schick and Gershwin [6], Liu [7] or very valuable review 
by Dallery [4] providing comprehensive explanation of the models characteristics, demands and properties. 
Comprehensive comparison of two-machine line models according to line type and reliability distribution was 
presented by Li and Alden [8]. All models presented so far work with the basic structure (see Figure 1) and 
set of general assumptions presented below as well as some specific assumptions according to each particular 
type of the model [8]: 

1) The system consists of two machines arranged serially and a buffer separating the machines (see 
Figure 1, where circles represent the machines and the rectangle is the buffer). 

2) Each machine (m1 and m2) has two states: up and down. When up, the machine is capable of producing 
parts; when down, no production takes place. Machine uptimes and downtimes are independent random 
variables. 

3) Each machine requires a fixed unit of time to process a part. This unit is referred to as the cycle time. 
4) The buffer is characterized by its capacity N. 
5) Machine m1 is never starved; machine m2 is never blocked. 
6) If a machine fails while processing a part, the part remains at the machine, and repair will include any 

necessary operations needed to complete processing of the part. No scrap is assumed. 
7) The buffer does not delay job movement, i.e. the buffer transition time is zero. 

 
Figure 1 Two-machine line with two machines m1 and m2 separated by a buffer b [8]. 

Behind the scientific effort made in the field, a need for performance estimation is found as it is essential to 
design and improve manufacturing systems. Various approaches and equations have been developed for 
throughput calculation. However, input parameters for each machine of a model are i, the probability of failure 
of machine i, and i, the probability of completing the repair of machine i, N which stands for buffer size and 
S, cycle time. 

1.3. Modelling of Complex Structures 

Real world manufacturing systems are rarely composed of only two stations. As the state space which’s 
analysis is needed for analytical formula construction is growing exponentially, approximate methods are used 
to model more complex systems. The basic principles of such modelling methods were published in the 1960’s 
[9]. The idea of decomposition methods comes from the assumption, that if we place an observer into a buffer 
in the line, he will see only incoming and leaving parts. So if we put the observer at the end of the line, he will 
see the total throughput of the line, even if he doesn’t know what happened to upstream machines or how 
much downtimes occurred. Various systems have been studied so far, such as serial lines, 
assembly/disassembly systems [10], parallel lines, split/merge scraping, closed loop systems, rework loops 
and some other types [11]. The general idea of decomposition - or aggregation - of longer linear production 
systems is to replace a two-machine line by a single equivalent machine, which has the same throughput in 
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the isolation as the original two-machine lines, respectively decompose the original line into the set of two-
station lines, for which the analytical formulas are available (see Figure 2). 

            
Figure 2 Decomposition (left) and aggregation of serial production systems [11] 

Based on the above mentioned basic principles, methods and algorithms were proposed for modelling more 
complex production systems composed of various production operations. The basic idea of throughput 
estimation is called overlapping decomposition. Complex productions system is decomposed into serial lines, 
the first and last stations are modified to include the effects from the other lines. As the topic has been 
extensively studied especially in the scope of the automotive industry, more issues have been investigated, 
such as production systems with quality check devices, multiple part types and others. 

2. MODELLING METALLURGICAL SUPPLY CHAIN IN THE CONTEXT OF RESILIENCE 

The above-mentioned models of manufacturing systems have considerable potential for modelling the 
metallurgical supply chains. Modelling should take into account the characteristics of the metallurgical supply 
chain, its structure and its way of functioning. The resulting metallurgical supply chain model (see Figure 3) 
may, according to the modification, serve to examine the change in supply chain resilience or, for example, 
the influence of the link storage capacity on the value of the whole chain.  

Based on the introductory chapter on supply chain resilience, we will work with a high degree of aggregation 
into geographic, economic and political regions, respectively. This is mainly due to the fact that the disturbance 
affects not only the enterprise but also the entire territory where the enterprises are located. 

 

Figure 3 Metallurgical Supply Chain model 
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Using the above mentioned methodology of modelling of production systems, the approach to modelling 
metallurgical supply chain will remain similar. The adjustment of input parameters is necessary in the terms of 
terminology used. Instead of naming chains “machines” and “buffers”, as the metallurgical supply chain 
compose of links represented by suppliers of iron ore, integrated metallurgical enterprise and distribution 
centres for both wholesale and retail customers, the model will compose of SC link and intermediate storages 
characterized by specific parameters based on the principle of manufacturing line models. Thus, for each SC 
link of a model, parameters i and i, will be defined together with Si, where i will stand for probability of 
disruption to SC link i, and i stands for the probability of completing the recovery of SC link i, N which stands 
for intermediate storage capacity and Si for cycle time.  

In the context of supply chain resilience, disruptions of individual links, such as natural disasters, extreme 
weather changes, conflicts and political problems, terrorism and sudden radical changes in demand, are 
considered. This is a violation that causes a reduction in capacity or a disruption of the activity of individual 
links until recovery, which affects the performance of the entire supply chain, as the following links can’t perform 
its operations without the supply from previous links. The main objective of the discussed model is to assess 
whether or not the investment should be allocated to the specific links of the supply chain and how much the 
overall impact of investment would be the highest in terms of the overall output of the supply chain. A 
prerequisite for modelling using modified models of production lines is knowledge, respectively the estimation 
of the dependence of the change of performance of individual links on the allocated investment. The model 
will therefore work with the assumption that if investment is allocated to the links of the supply chain to increase 
its resilience, this will result in a shortening of the time the link will need for recovery to the original performance 
in the event of a breakdown due to the disruption. It is assumed that the allocation of investments and 
improvement of specific link can’t directly affect the probability of occurrence of the disturbances described 
above, such as how often an earthquake or other natural disaster occur or a rapid decline in demand, a war 
or a political crisis happen. However, we may, in some circumstances, influence how much, respectively, for 
how long the supply chain link in this region will be affected by the event in such a way that its performance 
will be reduced, respectively the activity stopped. 

Since the original production line models do not work with the resilience parameter, it must be included 
somehow in the modified model. Probability of completing recovery, or the MTTR - mean time to recovery, 
represented by I must become the function of investments allocated to the specific supply chain link, for the 
purpose represented by Ii. Thus I = f(Ii) which enriching the model of the investment variable. One of the main 
limitations of the modelling approach is how the functional relation between investment and the mean time to 
recovery. As it is quite clear that the relation will not be linear nor of any basic type, the relation must be 
carefully determined for each supply chain link taking into regard all possible disruptions which can occur in 
the specific area. As the model as described above can take into account only the overall resilience of the 
specific link, the proper analysis must precede. We propose to work with the list of basic disruptions defined 
in the concept of resilience and assess the specific threats for each link. The analysis will work with the 
available data on the historical occurrence of various disruptions in the region, the analysis of business 
environment, and also outcomes of internal SWOT analysis. Based on the analysis the main threats will be 
defined and then evaluated so the functional relationship could be estimated. It can be assumed that the 
function describing the relationship of the investment and the shortening of the mean time to recovery will be 
quite complex with reduction possible. The example of expected profile of the function is presented on Figure 4 
below.  

The initial resilience which is for the purposes of the model reduced to the parameter of mean time to recovery 
is for example 10 weeks from the occurrence of a disruption. As the investment is increasing, the mean time 
to recovery remains the same until the first turning point, where the investment is high enough to make a 
difference. For example, in real life it means that until certain point, level of investment, it is not possible to 
proceed any important precautions, such as contracting the substitute supplier, building a secondary 
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warehouse or move or secure current premises against extreme weather conditions. As the investment is 
growing from that point, the meant time to recovery is decreasing - more robust solutions are implemented, 
the link is more protected - just to the second turning point, where the decrease is suppressed. In real life that 
moment means that it is not able to influence the resilience positively any further, so the higher investments 
doesn’t pay off. Once such profiles are defined for each supply chain link and then implemented to the modified 
production line model, it is possible to proceed to the overall evaluation of investment scenarios, for example 
with genetic algorithms to obtain a solution which will pair the certain level of investment with certain links of 
the supply chain to minimize the overall investment and maximize the overall throughput of the supply chain. 

 
Figure 4 Profile of the functional relationship between the investment allocated and mean time to recovery 

after big scale disruption 

3. DISCUSSION 

As the supply chain can be considered to be a specific type of a transfer production line, the modelling 
approach is very promising when it comes to analytical analysis of supply chain performance under resilience. 
Many various basic kinds of models have been presented so far, which differ in characteristics such as 
continuity, synchronicity and type of production, time or operation dependency of failures and others, so the 
right technique must be used to fit the supply chain operation characteristics. Modelling of complex system is 
quite demanding as the number of links is increasing, but the provided outcomes will be very helpful and 
valuable especially as it is the new approach which will extend the concept and methodology of supply chain 
resilience improvements. Main simplifying assumptions must be considered, especially the fact that it will be 
very difficult and potentially misleading to define the profile of functional relationship between investment 
allocated and supply chain link resilience, as it will be the cornerstone of decision making.  

4. CONCLUSION 

Modified production line models potentially represent a new tool for modelling supply chain performance and 
decision support in the context of planning investments. As some initial simplifying assumptions must be made, 
the limitation of the approach must be considered. Our future work will be focused on creating a model using 
above mentioned approach for analytical analysis of supply chain performance. Initial experiments with basic 
linear structure of supply chain will be performed to verify the modelling approach and subsequently genetic 
algorithm will be run to solve the model. Based on the experiments and results, methodology will be created 
which will extensively describe the procedures of model creating, analysis and assessment of business 
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environment and potential threats to supply chain links as well as the procedures of solving of the model. The 
main outcome of the effort and research in the area is to provide strategical logistics community the tool for 
decision support as the importance of supply chain resilience is increasing and high investments will be 
allocated to the field in the future. 
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Abstract  

Continuous development of the market environment is associated not only with change in business conditions, 
under which every enterprise operates, but also the change in requirements for the assessment of the 
enterprise parameters and significance of the parameters assessed. This paper presents a model of a 
metallurgical enterprise value assessment based on the DCF method (Discounted cash flow), using the 
principles of structural analysis for objective evaluation of impacts of factors affecting the change of the cost 
potential in the immediate environment of the enterprise. 

Keywords: Enterprise value, structural analysis, metallurgical industry 

INTRODUCTION  

In the present globalized entrepreneurial environment, industrial enterprises need a management tool that is 
able to apply all of the expected changes in the enterprise plans and help render successful decisions. 
Evaluation criteria of enterprise success thus may include the “enterprise value” that can be considered a 
synthetic indicator, the value of which reflects the condition, health and perspective of a company in a complex 
manner. There are a number of methods for assessing the enterprise value and each method naturally gives 
a different result. If we focus on the frequently applied DCF method, there are a number of factors in this case 
which depend on subjective opinions and experience of an expert assessing the enterprise value. Using the 
“enterprise value” indicator as the only guidance for making management decisions then becomes highly 
questionable. This is the reason why the existing model of enterprise value calculation using the DCF method 
is supported by the application of exact objective methods (structural analyses) and the assessed area has 
been expanded with the cost aspects of the environment of the enterprise being assessed (major suppliers), 
which finally made the entire calculation of the enterprise value assessment more accurate and objective.  

The paper presents a model for assessing the value of a metallurgical company on the basis of the DCF 
method, using the structural analysis principles for objective evaluation of impact of facts influencing the 
change of the cost potential in the immediate environment of the company. 

1. THE METHODOLOGICAL BASES 

The metallurgical enterprise value assessment model was created on the basis of the DCF method using the 
structural analysis principles for objective evaluation of impact of factors influencing the change of cost 
potential in the immediate environment of the enterprise. 

The need to appraise an enterprise in the Czech Republic mainly emerged in connection with the 
transformation of the economy and privatization of then state-owned enterprises, as it was necessary to know 
not only the accounting value of the enterprise assets, but also the market value that became important for 
investors, owners (mostly shareholders) and creditors (e.g. banks). An outcome of the enterprise appraisal is 
the allocation of a certain enterprise value that arises from material justifiability, conditions and circumstances 
documenting the appraised value as an independent value [1]. Enterprise appraisal in the Czech Republic is 
governed by the Act on Business Corporations No.90/2012 Coll [2], another statutory regulation is Act No. 
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151/1997 Coll. on property appraisal and on amendment of certain acts, as amended [3]. The enterprise value 
can be assessed by various appraisal methods, whereas the method selection mainly depends on the purpose 
of appraisal, while it is also necessary to consider the characteristics of the company to be appraised. The 
enterprise value determined is largely affected not only by the method selection, but also by the quality of input 
information and data used for the enterprise appraisal. 

In terms of the appraisal theory, the DCF (Discounted Cash Flow) method is considered the basic appraisal 
method, while it is the most frequently applied method in current practice [4]. This appraisal method is based 
on assessing the creation of free cash by the appraised enterprise for the selected period of time.  

Metallurgical enterprises feature complex and structured production in the industry, and therefore we need a 
tool that will enable the capture and monitoring of such complex relations. A tool that enables production, 
prices, wages, costs, etc. to be calculated in individual enterprise departments, as well as in the enterprise as 
a whole. In some cases, it is useful to include the broader environment of the enterprise in these calculations. 
As a result of fixed technological relations, semi-finished products are transferred between these departments 
(both external and internal) [5]. The structural models appear to be a proper tool with all of the attributes for 
capturing such relations required [6]. 

Every industry or enterprise has its specifics which the model must accept. In the verified case from the 
metallurgical industry, this included transfers of raw iron between an external and internal department and 
calculation of prices of such transfers. The model enables determining and calculating such price using the 
surcharge margin in the amount of a mutually agreed percentage of continuous costs of the supplier in the raw 
iron production. As demonstrated by a number of expert assessments (Mc Kinsey 2003, HZ Praha 2003, 2004, 
2005, VŠB Ostrava 2006, 2008, Znalex Praha 2007, 2008), the price of liquid iron cannot be derived from the 
market price of solid iron, as the character thereof makes them completely different products. Therefore, it is 
appropriate to take the supplier’s costs and corresponding profit margin. These facts result in the conclusion 
that, in some cases, inclusion of the cost potential of major suppliers from the economic environment of a 
company is advisable and useful for the company value analysis in the Value Based Management system. [7] 

2. EXPERIMENTAL PART 

The metallurgical enterprise value assessment model was created on the basis of the DCF method, using the 
structural analysis principles for objective evaluation of impacts of factors influencing the change of cost 
potential in the immediate environment of the enterprise. 

The proposed model for assessing the value of an enterprise in the industrial segment contains the following 
sub-parts: 

 Structural model  
 Structural model dynamization  
 DCF calculation and enterprise value assessment 

The proposed model is verified on the basis of two metallurgical enterprises (A and B). The enterprise value 
is calculated for enterprise “A”, which is a metallurgical enterprise without basic industry. Supplies of required 
liquid conversion raw iron are purchased from company “B”, which is a metallurgical company with a closed 
cycle, i.e. including a coking plant, sintering and blast furnaces, situated at a distance enabling the safe 
transport of liquid iron in mobile mixers along a railtrack. 

2.1. Structural model 

The structural model has been design in line with the procedures defined in specialized literature [5]. In the 
case being verified, these were transfers of raw iron between an external and internal department and costing 
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of prices of such transfers. The model enables determining and calculating such price using the surcharge 
margin in the amount of a mutually agreed percentage of the through costs of the supplier in raw iron 
production. The fact that this model monitors changes in the enterprise value, including consequences of 
change in the supplier’s parameters, makes it unique. An example of determining the through costing of costs 
of products in enterprise A is provided in Table 1, showing also the processing and fixed costs per unit. 

Table 1 Through costing of enterprise A  

CZK per ton Coke Sinter Raw Fe Steel 
Cut 

slabs Sheets Profiles Cuttings 

Coal 2918 150 1132 850 866 938 971 1402 

Fe ores, pellets 0 1178 1956 1469 1497 1622 1678 2423 

Non-metallic additives 0 48 56 206 210 228 235 340 

Coke 0 0 448 336 342 371 384 554 

Oil 0 0 76 57 58 63 65 94 

Scrap, waste 0 32 67 1073 1093 1184 1225 1770 

Ferroalloys 0 0 0 414 422 457 473 683 

Slabs 0 0 0 0 0 415 0 621 

Margin 0 0 604 453 462 501 518 748 

Processing costs 167 209 520 918 963 2523 2971 4653 

Fixed costs 672 230 778 1707 1798 3643 4555 8312 

Through costing - total 3 756 1847 5636 7483 7711 11946 13075 21599 

The final structural model of the initial period provides information about the economic results of the individual 
products, as well as of the entire enterprise A, as stated in Table 2. 

Table 2 Information about the economic results of the individual products and of the entire enterprise A 

 Coke Sinter Raw Fe Steel Cut slabs Sheets Profiles Cuttings 

Total costs 
(CZK) 4 857 129 030 6 241 756 464 18 789 980 029 5 986 234 726 956 195 684 7 286 873 743 1 438 215 094 388 789 661 

Outgoing 
revenue 
(CZK) 

148 757 2 908 521 15 404 086 495 157139 5 405 590 6 938 985 200 1 397 000 000 397 800 000 

Incoming 
revenue 
(CZK) 

4 856 980 273 6 241 465 613 3 385 893 534 5 986 077 587 950 790 094 321 243 621 0 0 

Balance 
(CZK) 0 0 0 0 0 -26 644 923 -41 215 094 9 010 339 

  Balance - enterprise A (CZK)                                                                                    - 58 849 677 

2.2. Structural model dynamization 

Structural model dynamization was performed for the next 10 periods of time (i.e. economic periods of time). 
It is required for determining the operating result in the individual periods and subsequent valuation of 
enterprise A. The structure of these partial structural models of the individual periods is identical to the structure 
of the initial structural model for the period (t). The modelled inputs for the respective period of time are thus 
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established in these structural models. Therefore, the value evaluation as of the current moment requires the 
structural models to be designed and subsequently mainly their transformation into the financial plan. It is a 
difficult task that requires broad knowledge and experience also for setting a realistic prognosis of development 
of the planned input data. 

2.3. DCF calculation and enterprise value assessment 

An example of calculation of discounting FCF and calculation of the present value of enterprise A is provided 
in Table 3. 

Table 3 Calculation of the present value of enterprise A 

Periods (t+1) (t+2) (t+3) (t+4) 

FCF (CZK) 343 812 547 -113 230 523 -63 914 029 250 681 649 

WACC (%) 9 10 11 12 

Discount 0.92 0.83 0.74 0.63 

Present value of enterprise A (CZK) 316 307 543 -93 981 334 -47 296 381 157 929 439 

The created model enables not only the assessment of the enterprise value, but also the conducting of the 
sensitivity analyses, i.e. evaluating sensitivity of the “enterprise value” to changes in input parameters. The 
sensitivity analysis explores theoretical changes in input data in the individual parts of the structural model, 
impact of change in costs of equity and costs of debts on the company value. Any and all changes in the 
parameters in the sensitivity analysis are made and compared to changes in the company value calculated by 
DCF method. 

In the sensitivity analysis, it is also possible to analyse sensitivity of the enterprise value to change in the 
supplier’s surcharge margin, as shown in Table 4. Table 4 shows what happens to the enterprise value when 
the subject margin changes, which can be important particularly in the case of a monopoly supplier.  

Table 4 Sensitivity the enterprise value to change in the supplier’s surcharge margin 

Margin (%) 100 110 120 130 140 150 

The value of enterprise A  
(CZK) 5 090 836 726 4 793 156 692 4 495 476 657 4 197 796 623 3 900 116 589 3 602 436 554 

3. RESULTS AND THEIR DISCUSSION  

The proposed model enables one to assess the enterprise value on the basis of the DCF method, using the 
structural analysis principles. It also includes impacts of the immediate environment, see Figure 1.  

The application of metallurgical industry specifics in the proposed model created a tool that is suitable, for 
instance, for monitoring the production costs of the transferred product and determining the margin for the 
supplier as a share in such costs. Both enterprise A and B can then cooperate in a better way and calculate 
fair prices of transfers of monopoly product in a manner that earns profit for both of them.   

During the model verification, we worked with an aggregated set of calculations structured to the basic detail 
of input components and dividing the processing costs to fixed and variable ones. With the particular 
specification, it is obviously possible to utilize the corporate database for a detailed breakdown of the items 
chosen. The model does not exclude designing a calculation for more selected suppliers and using an interface 
with differently set supplier margins.  
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Figure 1 Net present value of enterprise A  

Having verified the specific data, the value of enterprise A was determined and the sensitivity analysis 
determined the parameters (on the part of both the supplier and enterprise being appraised) more or less 
affecting the company value. Such created tool enables one to assess the enterprise value upon change of 
any parameters, whether they occur theoretically or factually. Therefore, the model is suitable for comparing 
trend alternatives when the criterion is the enterprise value, whether for investment, operational, personnel, 
financial technological and other considerations. 

4. CONCLUSION 

The metallurgical enterprise value assessment model was created on the basis of the DCF method, applying 
the structural analysis principles for objective evaluation of impact of factors influencing the change of cost 
potential in the immediate environment of the enterprise. 

Due to regional significance, this idea was applied to the metallurgical industry that has its specifics which 
such a management tool should respect and apply. The metallurgical industry specifics which are relevant to 
the model thus must become the basic assumptions of such a model. In the subject model, these are:   

 complex and structured production with a complex technological procedure and transfers between 
individual productions 

 monopoly of the supplier in supplying the basic production material (raw Fe) 

Such reality of monopoly supplies of raw iron is almost unprecedented in metallurgy; however, it has initiated 
the basic idea and profiled the required model into the final form. Finally, a tool was created that is suitable for 
enterprises facing monopoly on the part of their supplier (or do not face monopoly on the part of the supplier, 
but have different interests in observing the supplier part). The fact that the model monitors changes in the 
enterprise value, including change in the supplier’s parameters, makes it unique. 

The considered model will enable a wide range of industrial enterprises to apply their specifics in the model 
and thus effectively manage their companies and individual departments based on the criterion of the 
enterprise value. 
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Abstract 

Fuzzy logic controllers serve the same function as the more conventional controllers, but they manage complex 
control problems through heuristics and mathematical models provided by fuzzy logic, rather than via 
mathematical models provided by differential equations. This is particularly useful for controlling systems 
whose mathematical models are nonlinear or for which standard mathematical models are simply not available, 
such as in metallurgy. The aim of this article is to design fuzzy controller for use in metallurgy and compare 
him with conventional PID controller. 

Keywords: Fuzzy, PID 

1. INTRODUCTION 

A heating of materials is a common technological process. Especially in the field of metallurgy reheating and 
cooling processes are very often and important parts of manufacturing metals. In heating segment it is true, 
that even a small percentage of a reduction of an energy consumption can lead to very interesting economic 
benefits. Also the quality of the final products after the metal working is to a considerable extend influenced by 
the heating quality in heating furnaces that forms the important part of industrial hot forming technologies. The 
paper deals with the identification system in MATLAB, setting up and comparing the classic PID and fuzzy 
controller. The aim of this article is to design fuzzy controller for use in metallurgy. 

2. PI-TYPE CONTROLLER 

 
Figure 1 Measured and simulated temperature distribution 
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For this article was used data file with the measured temperature, depending on the amount of supplied fuel 
gas in the furnace. Temperature values were identified using System identification tool in Matlab. The output 
of identification is transmission of system G (s) (see equation 1): 

퐺 (푠) = .
.   

           (1) 

Figure 1 shows the measured temperature from data file (black line) and simulated values from the detected 
transmission (green line). The control circuit of classic PID controller created in Simulink is shown in Figure 2, 
detected transmission from equation 1 is used as a transfer function. 

 

Figure 2 Control circuit of classic PID controller created in Simulink 

Using the desired model method (inverse dynamics method), which allows adjustment of digital and analog 
controllers with and without time delay the suitable type of controller and its adjustable parameters was chosen. 
Based on the transmission of controlled system was analog PI controller chosen for its regulation [1]. 

Calculation of controller parameter 푟  (see equation 2) [1]. 

푟 =
( )

=  ∙ .
.  ∙ (  ∙ )

≅ 22.38        (2) 

Where:  
푇    -   time constant of the closed loop system (s)  
K       -  gain (-) 

푇      - integration time constant (s) 
푟      - proportional constant (-) 

Calculation of the integral component I (see equation 3) [1].  

퐼 = 푟 =
.

 22.38 ≅ 0.1            (3) 

Figure 3 shows the step response of control process with classic PI controller, controlled variable y (t) and 
tracking error e (k). 
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Figure 3 Step response - controlled variable y (t) and tracking error e (k) 

3. MAMDANI FUZZY PI-TYPE CONTROLLER 

Controller output operates with derivative of control signal ∆u (k) it is shown in equation 4 and Figure 4- it is 
block diagram of fuzzy PI controller [2], [3]. 

∆푢 (푘) = 퐾 ∙ (∆푒 (푘) + ∙ 푒 (푘))         (4) 

Where:  

K     -  gain  (-) 
Ti     - integration time constant (s) 
e (k)     -  tracking error (-) 

Total action intervention u (k) shown in equation 5 is realized out of fuzzy model in adder, block diagram of 
fuzzy PI controller (see Figure 4) [2], [3]. In Figure 4 (F) stands for fuzzification, (D) for deffuzification and (IM) 
is interference mechanism. 

푢 (푘) = 푢 (푘 − 1) + ∆푢 (푘)          (5) 

 
Figure 4 Block diagram of fuzzy PI controller 
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We modify the equation 4 by adding a variable M, to set the universe range for tracking error e (k) and its 
derivation ∆e (k). We also adjust integration time constant 푇 . We get the equation 6. 

∆푢 (푘) = 퐾 ∙ ∙ ∙ ∆푒 (푘) + ∙ 푒 (푘)         (6) 

For equation 4 is valid equation 7, which is in a different form. 

∆푢 (푘) =  ( )  ( )           (7) 

Where: 

T    -   sampling period (s) 

We use fuzzification (F) and deffuzification (D) to equation 6 and deduce the equation 8 using equation 7 for 
action intervention u (k) [4]. 

푢 (푘) = 퐾 ∙ ∙ ∙ 푫 푭 ∙ ∆푒 (푘) + ∙ 푒 (푘) + 푢 (푘 − 1)     (8) 

Figure 5 is a diagram of fuzzy PI controller simulated in simulink, which represents equation 8. 

 
Figure 5 Control circuit with fuzzy PI controller, simulated in Simulink software 

Recommended template for fuzzy PI controllers was rewritten to 49 rules in rules editor. Figure 6 shows a 
template for PI and PD controllers [5]. 

 
Figure 6 Template for PI and PD controllers 
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As a defuzzification method was chosen centroids (Center of Gravity - CoG). For the simulation these 
parameters were set: M = 50; K = 80; Ti = 0.1; T = 0.2; limit for the action intervention +22, 0 [6]. 

Figure 7 shows the step response of control process with fuzzy PI controller, controlled variable y (t) and 
tracking error e (k). 

 
Figure 7 Step response - controlled variable y (t) and tracking error e (k) 

4. MAMDANI FUZZY PID-TYPE CONTROLLER 

Fuzzy PID controller is created as a sum of PI and PD controller. Figure 8 shows control circuit with fuzzy PID 
controller in Simulink [2]. Triangular fuzzy number (TFN) shape of fuzzy sets was used as membership 
functions for PI and PD controllers. 

 
Figure 8 Control circuit with fuzzy PID controller, simulated in Simulink software 
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5. CONCLUSION 

When using a fuzzy controller, it was reached significantly faster period of control in compare with classic PI 
controller. Fuzzy PI controller needs more action interventions, this would adversely affect the service life of 
switching elements in practice, but time of regulation was in this example more than half faster. With fuzzy PID 
controller time of regulation remained the same and the number of action interventions is lower compared with 
fuzzy PI. Here are the various uses of fuzzy control in metallurgy, isn't hard to design fuzzy controller, more 
complicated is to set the parameters to tune regulation. We achieved better result of regulation with basic 
settings of parameters with fuzzy controller than with classic PI controller.  
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Abstract 

The paper describes practical application of the 80/20 rule (also well-known as Pareto´s rule) in heat treatment 
processes of metallic materials. The principle of the 80/20 rule is based on the study of Italian economist and 
sociologist Vilfredo Pareto. At the end of the 19th century, Pareto defined a mathematical formula which 
reflected unequal distribution of wealth and expressed the fact that about 20 percent of population owned 80 
percent of wealth. This idea was further developed by many of his followers and nowadays it is widely 
recognized as a principle of measuring effectiveness. The 80/20 rule represents a very useful analytical 
technique which helps to clearly specify key areas of focus. The goal of this paper is to introduce its practical 
application in heat treatment processes of metallic materials in the chosen company. 

Keywords: 80/20 rule, segmentation, customer, product, heat treatment 

1. INTRODUCTION 

Industrial production is currently undergoing major changes due to the introduction of information technology, 
cyber-physical systems and artificial intelligence. This trend is known as Industry 4.0 (or the 4th Industrial 
Revolution). It is a process of gradual digitization and automation of production, which also causes changes in 
the labour market and blending of the real and virtual worlds. However, the present article is devoted to a 
simple rule, which in its versatility transcends individual areas or even development stages of industrial 
production. This is so-called Pareto rule or 80/20 rule. Formula on which the 80/20 rule is based was 
discovered more than 100 years ago by the Italian economist Vilfredo Pareto. Vilfredo Frederico Damaso 
Pareto was a famous Italian economist, sociologist, political scientist and a representative of the so-called 
Lausanne school. Among other things, he is the author of ordinal approach to consumer behaviour and Pareto 
optimality. However, this article is not devoted to Pareto's study of economic welfare, but to a simple formula 
which claims that a minority of causes, inputs, or effort usually leads to a majority of results, outputs or rewards. 
This formula is commonly called the Pareto rule or 80/20 rule and states that there is an inbuilt imbalance 
between causes and results, inputs and outputs, and effort and reward. Causes, inputs or effort are usually 
divided into two categories: a) a majority which has a minor influence and b) a minority which has a major 
influence. Results, outcomes, or rewards are usually based only on a small part of causes, inputs, or effort that 
are focused on creating such results, outcomes, or rewards. Relationship among causes, inputs or effort on 
the one hand and results, outputs or rewards on the other hand are usually in imbalance. [1] The 80/20 rule is 
an illustrative measure of such inequality. Application of the 80/20 rule in the heat treatment processing of 
metallic materials is the subject of this article. Heat treatment refers to the controlled use of phase and 
structural changes in the solid state in order to obtain the desired mechanical, technological, or other utility 
properties of products or semi-finished products. During the heat treatment process, controlled temperature 
changes (own heat treatment), controlled changes in chemical composition of surface layers and temperature 
(chemical-heat treatment) or controlled changes in temperature and consequences of plastic deformation 
(heat-mechanical treatment) are mostly used. [2] 
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2. APLICATION OF THE 80/20 RULE IN THE HEAT TREATMENT PROCESS   

One of the first pioneers of the 80/20 rule was professor of philosophy George K. Zipf in the 1950s who came 
up with the affirmation that resources are created so as to minimize work so that about 20 - 30 percent of any 
resource account for 70 - 80 percent of the activity related to that resource. [3] He supported his claim by a 
statistical analysis of population and industry in the U.S. Another, and probably the most significant follower of 
Vilfredo Pareto, was an American engineer of Romanian origin, Joseph M. Juran, who was instrumental in 
using the 80/20 rule to achieve high quality of products. He used this idea in the field of quality control and 
turned it into a Pareto diagram in the 1950s. He stated that 80 - 95% of problems are caused by 5 - 20% of 
causes which he identified as a vital minority. It is necessary to be highly focused on this minority in the analysis 
of a problem, analyse it in detail and select appropriate corrective actions to reduce or completely eliminate it. 
Further development of the 80/20 rule occurred in the 1970s when it was used for development of computer 
systems by newly emerged computer manufacturers in the U.S. As stated by Koch [4], in 1963 IBM found out 
that about 80 percent of computer time was spent on processing approximately 20 percent of operating code. 
Company immediately transcribed its operating software to make the most used 20 percent easy to access 
and to make it easy for customers to use. This makes IBM computers more efficient and faster than competing 
computing. Except quality or computer industry, today the 80/20 rule is also very popular in the field of time 
management where it is used very often because it allows to find the priorities in problem solving. The above-
mentioned development of the 80/20 rule carries a fundamental need to find the most important activities or 
causes of the problem and focus further on them. 

2.1. 80/20 analysis of source data 

Every enterprise has information about its processes, customers and products. For the purposes of this article, 
it was sufficient to differentiate products according to their revenue. The same procedure was applied in the 
case of individual customers which were allocated a share of total revenue generated within a defined period. 
The 80/20 analysis is a quantitative method used to determine exact relation between inputs and outputs. 
Thus, it examines a relation between two rows of comparable data. The first data row always refers to the 
selected objects of interest (in this case products and customers), usually in a large number, which can be 
expressed as a percentage. The second data row relates to some interesting characteristics of these objects, 
which can be measured and also expressed as a percentage (in this case sales). The first step of the 80/20 
analysis is identification and selection of source data. The purpose of the analysis must be considered here: 
why we are doing this analysis and what we are expecting from it. Customers, products, sales, costs, 
production lines, vendors, inventory, customer complaints etc. are included among the most frequently 
analysed source data. The next step is to verify suitability and accuracy of the source data. In business 
practice, a large amount of different data sets is usually available. Therefore, it is necessary to determine which 
data will be analysed. When the source data selection is complete, this data must be cleaned from outliers (de 
facto obvious errors). This means that the source data is cleaned from effects such as seasonal fluctuations, 
one-time orders or special one-time sales. Such identified and purified source data should also have logical 
coherence and demonstrable rationality related to setup target of analysis. In other words, such source data 
categories should make sense. As the next step of the analysis in accordance to 80/20 rule, the prepared data 
is entered into the 80/20 table and divided into columns according to analysed area. Furthermore, the data is 
sorted by the defined parameters from the most to the least important items (for this purpose cumulative totals 
are used). The last step of the 80/20 analysis is a visualization of the results in the table (and possible 
construction of a graph). In other words, the identification of the so-called eighties (thus 20 percent of 
customers, products or production lines which bring us 80 percent of revenue or profit) and the so-called 
twenties (80 percent of customers, products or production lines which bring us only 20 percent of revenue or 
profit). The final table of the 80/20 analysis will have the following form in the case of heat treatment customers 
of metallic materials. 
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Customers Sales (€) Cum. Sales % Cust. rating 

Customer E 400 000 48.75% A 

Customer B 170 000 69.47% A 

Customer H 75 000 78.61% A 

Customer C 70 000 87.14% B 

Customer D 40 000 92.02% B 

Customer A 28 000 95.43% B 

Customer I 18 000 97.62% B 

Customer J 9 000 98.72% B 

Customer G 6 000 99.45% B 

Customer F 4 500 100.00% B 

Total 820 500  
 

Figure 1 Customer 80/20 analysis table 

The table compiled in this way (see Figure 1) provides an overview of individual customers based on sales for 
a particular period. Looking at the table, it is obvious that the key 78.6% of sales are created by three largest 
customers: customer E, B and H. Remaining customers bring 21.4% of total company sales, which is a 
significantly smaller contribution than the above-mentioned ones. However, the final evaluation based on one 
criterion only would be too short-sighted. Multiple parameters must be analysed for more qualitative 
assessment. Therefore, products in relation to sales of chosen enterprise were evaluated during next step.  

Part No. Customer Sales (€) Cum. Sales % Product rating 

P113 Customer E       200 000     24.4% A 

P115 Customer E       124 000     39.5% A 

P106 Customer B          76 000     48.8% A 

P114 Customer E          76 000     58.0% A 

P105 Customer B          64 000     65.8% A 

P122 Customer H          60 000     73.1% A 

P107 Customer C          39 000     77.9% A 

P104 Customer B          30 000     81.5% A 

P101 Customer A          20 000     84.0% B 

P109 Customer C          19 000     86.3% B 

P110 Customer D          18 000     88.5% B 

Figure 2 Product 80/20 analysis table 

Figure 2 represents a reduced version of the overall product analysis table (due to size of an original file). 
Nevertheless, it is obvious that the key 81.5% of sales are generated by eight main products and these 
products are delivered to four customers. Compared to customer analysis, customer C and its product no. 
P107 joins the customers E, B and H. The remaining products have significantly smaller contribution in total 
sales than the above-mentioned ones. The performed 80/20 analysis provides an overview of impact of 
individual data categories (in this case customers and products) on total sales of heat treatment process during 
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monitored period. However, it considers both categories separately, it does not provide a coherent picture. An 
important follow-up step is to perform a segmentation of the obtained results and create a so-called 80/20 
matrix. By segmenting we get a comprehensive overview of customers, products and revenue clearly broken 
down into individual quadrants. 

2.2. 80/20 quad analysis  

Classification of the assessed categories in each quadrant is very useful because it provides a unified view of 
the results from the previous analysis and helps identify strategies contributing to further growth in sales or 
elimination of costs and effort invested into management of less profitable productions and customers. For 
segmentation itself, it is very useful to create a matrix based on the 80/20 rule (see Figure 3). We build the 
80/20 matrix very simply by classifying individual customers and products according to selected criterion into 
groups A and B based on a significance. In this case, the criterion is a contribution to total sales during 
monitored period. As a part of segmentation process, we combine these two categories (customers and 
products) to obtain individual matrix quadrants: AA, AB, BA and BB. The quadrant AA represents the most 
significant customers with the highest volumes of products (or best valued products) from sales point of view, 
the quadrant AB represents the most significant customers with low volumes of realized products (or less 
valued products), the quadrant BA represents less significant customers with high volumes of products from 
the sales point of view and finally, the BB quadrant represents less important customers with low volumes of 
products. Quadrant analysis is basically a mathematical organization of data. Therefore, its disadvantage is 
that it does not take into account factors such as low volumes produced for customers with high future potential, 
low volumes of some currently realized products with a high potential to increase production in the future, and 
for example volumes of products that are now considered rather as a service provided to the most important 
customers buying the key products of the heat treatment process portfolio. Resulting quadrant analysis will 
have a following form in this model example. 

 Parts 

Cu
st

om
er

s 

A 

A B 
AA AB 

Sales Sales 
 €                               630 000     €                                 15 000    

% of Total 76.78%   % of Total 1.83%   

Customers: 3   Customers: 1   
Parts: 7   Parts: 2   

B 

BA BB 
Sales Sales 

 €                                 39 000     €                               136 500    
% of Total 4.75%   % of Total 16.64%   
Customers: 1   Customers: 7   
Parts: 1   Parts: 20   

Figure 3 Quad analysis based on customer and product 80/20 analysis 

The 80/20 matrix of customers and products of heat treatment process shows that 76.78% of sales are 
generated by three customers and their seven products (the quadrant AA). It is interesting that 4.75% of sales 
is generated by one customer and its sole product. Moreover, this customer is not ranked among the most 
important customers (BA quadrant) based on the initial analyses. In contrast, one of the three most important 
customers in terms of overall sales generates 1.83% of total sales by its two products (quadrant AB). And 
finally, seven customers and twenty products generate 16.64% of total sales (BB quadrant). Analysis results 
confirm the initial idea about an unequal distribution of the share of individual customers or their products in 
total sales. Implemented segmentation allows to manage processes related to individual customers or products 
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more effectively and efficiently. It represents a starting point for defining individual strategies, which is, together 
with their explanation and implementation inside and outside company, usually the most difficult step. Two 
basic questions should be asked while designing individual strategies: “what to do and how to do it". Decisions 
about appropriate strategies must be accepted on a customer-to-customer and product-to-product basis. The 
following individual strategies could be selected in this model example: 

1) Quadrant AA 

The sales department should take care of the existing business with key customers, protect and look after the 
most high-turnover products. It should also offer key customers cooperation on developing new prototypes 
that should replace existing products in the future. The sales engineers should ensure product diversification 
and create at least two or three major product portfolios. The R&D department should come up with innovations 
of existing products, thus offer new and easier solutions to key customers (e.g. product design change or 
improvement of existing production processes in order to remove auxiliary or finishing manufacturing 
operations etc.). Production should be able to define production cells, production lines or machines for key 
customers and their products in order to avoid waste of production capacities, losses and downtimes caused 
by production changeover to the other, less important, products for less important customers. Production 
should also focus on creating a clear flow of material that is, on eliminating work in progress, shortening transfer 
times from one manufacturing process to another and reducing costs due to downtimes, storage or internal 
scrap. 

2) Quadrant AB 

The products in this quadrant typically bring lower profits but they are tolerated as a kind of service to meet 
the needs of the most important customers. In practice, this means that if a company wants to get a significant 
contract in terms of production volume or profits, it must agree to process less profitable products together 
with the profitable ones for the same customer. Therefore, producing these less lucrative products is a service 
or countervalue for getting significant orders. In this case, a company’s main objective should be finding a way 
to move these products realized for A customers from B products to A products group. Among other things, 
this can be achieved by reducing overhead calculated on these products by internally setting a minimum 
production quantity (reducing downtimes and long changeover times), creating no inventory, simplifying 
production processes, or combining some production operations with others if possible. In addition, the 
company may try to negotiate with customer a minimum order quantity, an increase in price of these products 
or, in extreme cases, outsourcing these products. 

3) Quadrant BA 

The main goal should be to move customers with high future potential into the AA quadrant. Therefore, effort 
should be made to increase sales of A products to customers with high potential, to negotiate with customer 
minimum order quantity of a certain level, or to increase prices of these A products. Alternatively, the company 
may choose to keep product A profitable in case of customer with a low future potential and explore the 
possibility of savings in manufacturing of this product, or in the customer service provided. 

4) Quadrant BB 

The company resources should be primarily used to manage products and customers in the AA or AB 
quadrant. In the case of this quadrant, it should be assessed whether there is any future potential to move 
some products or customers into the group A. If so, we should use one of the strategies defined above. If not, 
we should look at these products and customers differently. The goal should not be to eliminate low-frequent 
products or low-sales customers completely, but to treat these customers or products differently, for example 
by using outsourcing, distribution channels etc. The customer service and profit can be improved without added 
cost of complexity or hidden overheads. 
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From the above outlined options how to further manage portfolio of individual products and customers, it is 
clear that some steps can meet major obstacles. It is important to lead a clear communication about the 
intended changes inside and outside company and to define clear criteria for achieving the goals at each step. 
People inside organization must understand the concept. This means that the most important reasons and 
steps leading to implementation of specific change should be explained to them. It is very important to involve 
all the stakeholders in the process of planning changes and then in the process of decision making, 
organization and change implementation itself. No less important is the communication with customers. The 
sales department or customer service must be able to clearly explain the requested changes, reasons for these 
changes and provide a clear plan for implementation of these changes to the customer. Of course, that is in 
case if there is an agreement with a customer about these changes. Otherwise a company must only resort to 
internal changes in case of A customers or products. In the case of B customers or products, it must resort to 
more radical decisions, which may even lead to a termination of cooperation. All these changes or 
implementation of new strategies must be clearly monitored, measured and evaluated. For this purpose, key 
parameters of individual processes and their regular evaluation are used. 

3. CONCLUSION 

The 80/20 rule is very valuable because it is against our intuition. We tend to assume that 50 percent of causes 
or inputs will represent 50 percent of results or outputs. It seems that everything should be in perfect balance, 
but in practice, it is often not so. This fact is confirmed by the above presented analysis carried out in the heat 
treatment process of chosen industrial enterprise. The 80/20 rule is used to analyse a share of customers and 
products in total volume of sales made by an enterprise during a particular period. In the first step, separate 
analyses of share of customers or individual products on sales, were performed. It was found out that the key 
78.6% of sales were generated by the three largest customers and the key 81.5% of sales were generated 
due to production of eight major products. In order to avoid any distortions caused by initial results, a 
segmentation was made. Inclusion of the analysed categories into individual quadrants of the 80/20 matrix is 
very useful for obtaining a unified view of the results of previous analysis. The result of the segmentation of 
customers and heat treatment products is a finding that 76.78% of sales are generated by three customers 
and their seven products. Possible strategies that could serve to further increase in sales or elimination of 
costs and efforts put into less profitable products and customers were outlined for the individual quadrants of 
the 80/20 matrix. The goal of the submitted paper was to describe practical application of the 80/20 rule in the 
chosen heat treatment plant where the core business is processing parts for automotive industry. This goal 
was achieved by analysing the above-mentioned detailed steps of the 80/20 rule. The data stated in this article 
was deliberately distorted by an established coefficient, product and customer names were intentionally 
concealed based on the company request. 
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Abstract 

Coke is one of the basic energy sources in the blast furnace process. Its quality essentially then determines 
the course of the blast furnace process. It is used both in the blast furnace and in the agglomeration processes. 
Coke also significantly affects the price of the produced raw metal. A number of different categorical criteria 
can be used for its evaluation. It may be the chemical, physical, technical, mechanical and logistic properties, 
but also cost. Apart from the chemical composition, typical properties of coke include also strength, grain 
composition, moisture content, heating value and a number of other parameters. If the evaluation of coke were 
based only on isolated criteria, finding the best possible choice would be complicated. One option for 
evaluating multidimensional problems are mathematical multi-criteria decision tools. These methods allow 
assessment of the difficult and complex issues through dozens of completely different criteria. As part of the 
research, these methods have been used to experimentally assess the quality of the supplied coke. The article 
deals with the analysis applied to the assessment process of the quality of blast furnace coke and use of this 
methodology in metallurgical enterprises.  

Keywords: Iron, process, Sulphur, costs, production 

1. INTRODUCTION 

Coke is a porous solid, degassed residue of carbonization of coal charged at temperatures of 950°C - 1050 °C. 
Its main use is in blast furnace metallurgy. It is also used in the production of ferroalloys and nonferrous metals 
and in the energy and utility sector [1, 2]. Coke does not represent only fuel in the blast furnace process, but 
also a reducer and load carrying frame. Coke, after descent into the oxidation space of the blast furnace, burns 
intensively and the combustion products rise to the cooler parts of the blast furnace [3, 4]. Physically, the 
combustion of coke in the oxidation spaces can be regarded as gasification of solid coke, freeing space in the 
bottom of the furnace for the descent of another batch. Hearth gas leaving the oxidation space contains, in 
addition to CO, H2, N2, also SO2 from oxidation of sulphur in coke burning in front of the tuyeres [5]. This gas 
component, however, dissolves in the dripping pig iron and returns to the hearth where the desulfurization 
occurs. The highest temperature of the gas in the oxidizing chamber, nearing 1800 - 2200 °C [6], is located in 
areas where the highest concentration of CO2 is caused by the capacity and composition of the blast wind. On 
the other hand, the lowest temperature of the gas in locations where CO2 disappears is generally on the 
boundary of the oxidizing chamber, and it is caused by the endothermic Boudouard reaction. 

The technological aspects aside, coke also represent a significant cost. Fuel is currently and increasingly 
important in the production of iron and influences competitiveness [7, 8]. Demand for coke also significantly 
affects the availability of high-quality coking coal, whose price has seen great development in recent years [9].   

As part of the research, the quality of coke from selected suppliers from Belgium, the Czech Republic and 
Poland has been experimentally assessed. The evaluation criteria were chosen from the areas of physics and 
chemistry, but also logistics and cost. The paper analyses the possible system of evaluation of blast furnace 
coke through multi-criteria decision methods. The analysed data was obtained within the research. 
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2. PROBLEM FORMULATION 

Coke is the dominant part of the fuel necessary for making iron in a blast furnace. In the upper part of the 
hearth, about half a metre below the edge of the saddle there are openings circumferentially spaced around 
the hearth, through which by means of special devices (lances) the heated air - blast wind is injected into the 
blast furnace [10]. Coke, which along with other raw materials descends from the throat into the hearth, reaches 
the oxidizing space in front of the individual tuyeres where there is intense burning of coke carbon in the flow 
of the blast wind (1).  

C(k) + O2 = CO2                                                                                                                                  (1) 

Due to excess of carbon in the hearth, the carbon dioxide is reduced to carbon monoxide and the product of 
Boudouard reaction (2) in the blast furnace is essential for the reduction zones of the blast furnace. CO then 
always leaves the oxidizing space as the product of burning of coke [11, 12].  

C(k) + CO2 = 2 CO                                                                                                                               (2) 

In oxygen-deficient places the coke carbon burns imperfectly to CO, relation 3.   

C(k) + 0.5 O2 = CO                                                                                                                                  (3) 

The coke in the blast furnace acts as a heat source and a reducer of iron ores and its appropriate granulometric 
composition contributes to the required flow of gases through the blast furnace. Coke properties can be 
classified into the following groups: chemical, physical, and physico-mechanical. The organic mass of coke 
consists mainly of carbon and a small amount of hydrogen, oxygen, nitrogen and sulphur. Hydrogen and 
oxygen and part of carbon constitute the residual volatile matter, the content of which is around 0.8 to 1.4 % 
by weight of normal mature cokes. During the secondary heating of the coke, the resulting gaseous products 
occur, which are composed of 9-12 % of CO2, 47-55 % of CO, and 30-40 % of H2. From the physical properties, 
the key one is particularly the density. This can be divided into actual and apparent. The actual density 
represents the weight volume of units of the examined coke free of voids, pores and cracks and with a grain 
size under 0.2 mm. Its value is around 1.8 g/cm3 and it in general indicates the degree of maturity and 
arrangement of the produced coke [13, 14]. The apparent density refers to the weight of a volume unit of real 
grains of coke formed during the carbonization process. Its value depends on the density of the charge, on the 
velocity and temperature of coking, and also varies over the width of the chamber. It is most often within 0.7-
1.2 g/cm3. From the physical and mechanical properties especially crucial are those related to the abrasion 
resistance of the coke. For determining the mechanical properties of coke, the Micum drum test is used due 
to the nature of the stress, where about 40% of the kinetic energy is transferred to the wear stresses and the 
remainder to fall. 

3. EXPERIMNETAL WORK 

The assessment of blast furnace coke and its properties can utilize many indicators and parameters. In order 
to select the ideal variant, it is necessary to take into account all the relevant parameters. This can be 
performed with methods based on the principle of multi-criteria decision. For the purposes of the research, 
these methods were applied to the monitored types of coke. Assessment of coke can be performed according 
to dozens of properties. Within the research, the individual features were divided into the following categories: 
physical, chemical and mechanical. At the same time, the supply conditions must be also taken into account, 
which are related to price, availability and logistics. Metallurgical enterprises, however, do not have the option 
of selecting a suitable supplier and type of blast furnace coke according to dozens of completely different 
criteria. Therefore 30 key criteria were selected from the above categories. Out of those, 4 of the most 
important have been chosen. This was accomplished using the method of paired comparisons. The research 
was attended by employees from different areas within a metallurgical company.  
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Using the method of paired comparisons, the following key criteria have been identified: 
Criterion no. 1 - Price ($/t)     
Criterion no. 2 - Store (t) 
Criterion no. 3 - Lumpiness (%) 
Criterion no. 4 - Calorific value (MJ/kg) 

These are completely different categories of criteria. Therefore, it is also important to use multi-criteria decision 
methods. The following criteria were therefore identified as the most important: price, quantity of coke in a 
consignment store, lumpiness and calorific value. The price is a dominant cost criterion. The cost of coke is a 
significant component affecting the final cost of the produced iron. In general, fuel costs can constitute 20-
30 % of all the production costs of raw metal. The second criterion concerns the amount of coke that the 
contractor is willing to allocate in the form of consignment stock. It is therefore a supply that is constantly 
available to the metallurgical company, which can draw from it according to its current needs. The third criterion 
concerns the lumpiness of the actual blast furnace coke. Lumpiness is rated in percent. The given value 
represents the homogeneity of a given fraction according to a given grain. The last criterion is the calorific 
value, which may represent a crucial influence on the technological parameters of the blast furnace process. 
The research compared three types of supplied coke. For the purposes of the research, the suppliers were 
identified according to the country of origin: the Czech Republic, Belgium and Poland. Table 1 shows the 
values of all the monitored criteria. 

Table 1 Values of criteria by coke supplier 

  

Criteria 

Coke suppliers 

Czech Republic Belgium Poland 

K1 Price ($/t ) 140 165 151 

K2 Store (t) 600 1,100 900 

K3 Lumpiness (%) 89 91 95 

K4 Calorific value (MJ/kg) 28.49 29.1 27.96 

For comparison of specific types of coke, the method of the distance from dummy option was used. The method 
is based on measurement of the Euclidean distance in space. The evaluation is based on the quantification of 
distance of individual variants from the fixed option. This then represents such an alternative in which the 
values of all the criteria are perfect. The assessment of individual suppliers of coke can be then performed 
using equations (4, 5). 

jj dD                                                                                                                                        (4) 
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The method of the distance from dummy option also uses the weight (importance) of individual criteria. In 
Table 2 the specific weight for each of the monitored criteria is in column vi. Weights for all criteria were 
determined using the team method, both on the basis of long experience and using the method of paired 
comparisons. The values then represent the weights of individual types of criteria and their value was 
determined as the arithmetic mean of the results of the paired comparison method. The observed value of the 
Euclidean distance is basically the partial sum of each criterion’s deviations from the ideal value. The supplier 
of coke with the lowest value of this represents the most appropriate option based on this method. For all 
analysed coke suppliers the distance from dummy option (Dj) was determined according to relation (5). They 
were then evaluated based on this value (see Table 2). Lower distance Dj means a better variant. Table 2 on 
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line Dj shows the specific distance from dummy option for the coke suppliers from the Czech Republic, Belgium 
and Poland. Based on these values the final ranking of coke supplies has been determined. The total quality 
of coke from individual suppliers from these countries is ranked in decreasing order. 

Table 2 Analysis and determination of the quality of individual types of coke 

Criteria vi xi* xi0 
dij for individual suppliers 

Czech 
Republic Belgium Poland 

K1 Price ($/t ) 0.300 140 165 0 0.300 0.168 

K2 Store (t) 0.100 1,100 600 0.100 0 0.040 

K3 Lumpiness (%) 0.150 95 89 0.150 0.100 0 

K4 Calorific value (MJ/kg) 0.450 29.10 27.96 0.240 0 0.300 

   ∑ 0.490 0.400 0.508 

   Dj 0.700 0.632 0.712 

   Rank 2. 1. 3. 

The determined order of the coke suppliers inherently represents their suitability for use in the blast furnace 
process. The method of distance from dummy option allows taking all the criteria into account regardless of 
the units in which they are quantified.    

4. DISCUSSION 

For complex evaluation of the quality of blast furnace coke the method of the distance from dummy option was 
used. The evaluation was performed for suppliers from these countries: the Czech Republic, Belgium and 
Poland. Based on these criteria the overall quality of supplied coke was evaluated and ranking of individual 
suppliers was performed. Using applied mathematical methods, the following order of coke suppliers from 
individual countries was determined (see Table 2):  

1) Option supplier - Belgium (0.632) 
2) Option supplier - Czech Republic (0.700) 
3) Option supplier - Poland (0.712) 

Values in parentheses represent the optimal distance from the (dummy) option. The order based on this model 
is quite remarkable given the primary data. The best identified coke was the fuel from a supplier in Belgium, 
but it but had the highest price. The Belgian supplier also offered the highest amount of allocated coke in the 
consignment store. At the same time, the offered coke had clearly the highest calorific value according to the 
performed tests. These two aspects greatly influenced the result of the evaluation. In second place was the 
coke from a supplier in the Czech Republic. It had the significantly lowest price, but also worse performance 
in other criteria. In third place was the coke from a supplier in Poland. According to the performed 
measurements, this coke had the best lumpiness homogeneity of all the submitted samples. Its other 
parameters were then significantly worse. Based on the research, the metallurgical enterprise was advised to 
use the coke suppliers according to the determined rank. It is however important to note that the differences 
in the observed results were minuscule. It can therefore be recommended using the ranking when ordering 
coke, but at the same time continually evaluating the current values of the monitored criteria.   

5. CONCLUSIONS 

Producers of iron must increasingly use complex methods for analysis of a number of complex issues. Most 
raw materials can be characterized by many parameters. In the case of coke these properties can be physical, 
chemical, and mechanical but also logistical and costs. The logistics and price significantly affect the costs of 
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the whole process and thus the price of the produced raw metal. In the event that the metallurgical company 
chooses for evaluation of coke only one isolated criterion and based its assessment of this, it may certainly 
not be the optimal variant. The proposed evaluation is based on synthesis and comparison of many criteria 
which evaluate the coke properties from many aspects. This can be seen as a major contribution of the 
proposed evaluation. In the production of iron, it is not possible to only evaluate technological attributes but it 
is also necessary to take into account other criteria which influence the overall cost of the process. In the case 
of coke, it is a dominant cost item in the production of iron. Metallurgical enterprises must therefore very 
accurately assess the potential quality of the offered raw materials. The applied methodology makes it very 
simple to evaluate a number of parameters of coke and transform these into one single indicator. This process 
may represent a simple tool for assessing the quality of blast furnace coke. 
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Abstract  

The contribution deals with the classical specification of phase calculations in a metallurgical company and 
compares them with modern calculation methods. It briefly describes the methodology of these calculations, 
its advantages and deficiencies. This contribution aims to compare these calculations and the possibility of 
their application and use in a metallurgical enterprise. 

Keywords: Methods, calculation, costs, drivers 

1. INTRODUCTION 

The management accounting theory defines calculations from several points of view. First of all, it is the exact 
meaningful translation of the word “calculus”, which means mathematical analyses or calculations, i.e. the 
calculating activity. The calculation procedure which determines the costs of an order, for instance. Another 
meaning of this term is the result of calculation - the actual allocation of different types of costs per performance 
unit. The last conception of the word “calculation” points to the importance of this activity and describes it as a 
tool for value cost management. Based on the above conceptual levels, we can also derive the aim of 
calculations in an enterprise. The purpose of calculations is usually an efficient use of costs in an enterprise 
and an increase in profitability and value of the enterprise. Each enterprise strives to use such calculation 
methods to determine the calculations as to be able to quantify the changes in production volume and other 
important changes affecting the business processes.  

2. SPECIFICS OF METALLURGICAL FOUNDRIES 

Foundries in metallurgical enterprises are highly specific due to their differentiated production processes. The 
starting process is usually a molten metal melting plant which is supplemented with secondary metallurgy units 
for its refining. This is followed by casting of molten metal - into moulds (production of casts), into ingot moulds 
(production of ingots) or continuous casting (production of semi-finished products for subsequent rolling). Many 
of the products are repeatedly processed in thermal or annealing furnaces - stabilizing and removing the 
internal stress in casts, heating of forgings during the forging process etc. Most final products are further 
processed by machining of various strenuousness - cutting, roughing, precision machining or grinding and 
polishing with very precise machine parts. [1] 

The selection of the most appropriate calculation method is often a long-term process. It depends on the type 
of production, its continuity, the links among the individual production processes, the type of allocation base, 
the cost structure and the like.  

2.1.  Classic calculation methods in metallurgical foundries 

In the manufacturing process in metallurgical foundries, there may be different types of step calculations 
applied in practice. Everything is mostly dependent on the size of the enterprise and the technology which it is 
operating alone and which it is managing in cooperation, on the variedness of the production process and, last 
but not least, on the performance dosing management and other aspects which have already been mentioned 
above. The most problematic part is usually the establishment of an appropriate allocation base.  
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The first type of calculation is gradual method of step calculation, which is in metallurgical enterprises often 
referred to as „phase calculation“ where each production stage is considered as a separate item of calculation. 
It calculates all the costs of the semi-finished product being created, including all the overhead costs allocated 
according to the selected base, usually by the surcharge method, as if it were a final product, which it can 
actually be in some cases. The calculation of one production stage determined in the above way is the starting 
point for the next stage. This method is mainly used when the production stages are technologically and 
organizationally separated and the semi-finished product is used in the next production stage, or it is the final 
product already. This procedure can be seen in Figure 1 and Table 1.  

 

Figure 1 Gradual step calculation 

Prerequisites for the use of the gradual step calculation: 
 Technologically separated production stages 
 Organizationally separated production stages 
 In the final of each production stage there is a semi-finished product which can be a final product itself 

Table 1 Gradual step calculation in a metallurgical foundry 

 

The sales and distribution overheads are not calculated until the last production stage. If products were sold 
in the I. and II. stage as well, the distribution overheads would be calculated for those products as well.  

  Unit 1st     
stage

Semi-f inished 
product

Sale

Unit 2nd 
stage

Completed 
performaces

Sale

Costs 
incurred in 

the principal 
activities

I. II. III.
Produced (t) 1 100 1 000 800
∑ costs of previous 
stage 45 450 63 160
Direct material 20 000 15 000 10 000 45 000
Direct wages 3 500 3 500 3 500 10 500
Other direct costs 8 000 4 000 7 500 19 500

∑ direct costs 31 500 22 500 21 000 75 000
Cooperation 1 000 1 000 2 000
Production overheads 12 000 10 000 7 000 29 000
Distribution overheads, 
administrative costs 5 000 5 000

Total costs 43 500 78 950 97 160
Returned (t) 1 000 800
Full own costs (Kč/t) 45.45 78.95 121.45
Cost of products 
handed over 45 450 63 160

Calculation items
Production level (CZK)

Total CZK
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The second method of step calculation is the so-called continuous calculation which, however, is not usually 
used in metallurgical plants. It can be used in varied production conditions. The subject of this calculation is 
not the performance but the individual stages of production process. Direct and indirect production costs are 
monitored separately for each production stage. The sales and distribution overheads are added to the total 
costs. At each individual stage, a simple calculation method is applied, and thus the cost of an individual semi-
finished product is quantified. Each stage has to be calculated separately, as each stage can contain a different 
number of operations. The cost of the final product is given by the sum of the constituent costs from each 
individual stage. [2] This method is applied in varied production processes with a different number of production 
stages or levels. As can be seen from Figure 2, the individual operations pass the semi-finished product on 
up to its final form.  

 

Figure 2 Continuous step calculation 

This calculation method, unlike the first type of calculation, can be used in plants that have a completely 
different way of cooperation among the departments, different technological parameters and therefore a 
different allocation base as well. At each individual stage, a simple calculation method is used and thus the 
cost of the calculated semi-finished products is determined. The cost of the final product is given by the sum 
of the constituent costs from each stage.  

For the following sample of continuous calculation, production overheads were used as a traditional allocation 
base, although they are no longer used nowadays. The following formula was applied to this allocation:  

KVR = VR/ PMz (1) 

KVR - coefficient of production overheads 

VR - total production overheads 

PMz - total direct wages 

The coefficient of production overheads according to the above formula is 2.32 which is the starting point for 
the calculation of the production overheads at the individual production stages.  

Production overheads of an individual production stage = KVR x PM (I-III) (2) 

The calculated production overheads of an individual production stage are added to the calculation table and 
form an item of the production overheads of the relevant production stage - see Table 2. 
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Table 2 Continuous step calculation for a metallurgical foundry 

 

2.2. Shortcomings of the classic calculation methods in metallurgical foundries  

The basic shortcoming of the above calculation methods primarily results from the nature and method of cost 
calculation.  

In case that a larger volume of overhead activates is required in the context of production, the allocation is 
often burdened with an erroneous value of the overhead costs and the outputs get distorted.  

In practice, the actual costs can be adversely affected due to an inappropriately selected allocation base which 
may consequently lead to overestimation of the costs in large-scale production or underestimation of the costs 
in custom manufacturing or highly specialized production. [3] All this results from the effect of overheads.  

There are also external influences that are specific for metallurgical enterprises which have negative effects 
on phase or gradual step calculations. They are, for example, the uncertainty of heat treatment where it is 
often impossible to accurately forecast how many times the specific part will have to be heated. Also the 
pressure on the efficient use of energy of melting sets plays an important role in the calculation of energies 
which enter the direct costs. From the operational and economic points of view, it is most advantageous to 
keep the melting sets running continuously with fixed periodic shutdowns, since most energy and costs is 
drained in repeated start-ups. However, this is not always allowed by the situation on the market with 
metallurgical commodities and by the order schedule of the enterprise. The calculation is closely related to a 
careful plan which is, however, dependent on the variedness of orders.  

2.3. Modern calculation methods 

The basic requirement behind the inception of modern calculation methods was the allocation of costs to 
operations according to the actual cost drivers. Finding these casual relationships across the entire enterprise 
is the underlying principle of a modern calculation method based on activities - Activity Based Costing (ABC). 
This method of allocating costs to objects uses measurements of real physical performances of individual 
activities and operations performed. Practice shows that this is the only possible way to eliminate cost 
generalization in different volume variants of their allocation. [4] The ABC calculation primarily serves to 
calculate the costs of an expense item, but thanks to its specific position, it is an important tool for cost 
optimizing and managing.  

The activities specified within the ABC calculation are the basic elements of the whole system and the correct 
definition thereof is a prerequisite for applying this method. The ABC method results in a process concept 
across the entire enterprise. The combination of a process approach and a cost approach to the enterprise is 
characteristic for the ABC calculation. For both points of view, an ACTIVITY is the central linking element. This 
point of view is highlighted in Figure 3. 

I. II. III. Kč %
Direct material 60 000 10 000 70 000 45.31
Direct wages 5 000 3 500 4 000 12 500 8.09
Other direct costs 8 000 4 000 7 500 19 500 12.62
∑ direct costs 73 000 7 500 21 500 102 000
Cooperation 2 000 2 000 1.29
Production overheads 11 600 8 120 9 280 29 000 18.77
Distribution overheads, 
administrative costs 5 000 5 000 3.24

Total 84 600 15 620 37 780 138 000 89.32
Produced (t) 1 150 1 150 1 150 1 150

Full own costs (Kč/t) 73.56 13.58 32.85 120.00

Production level (CZK) Production process in total
Calculation items
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Figure 3 Activity-Based Costing in terms of costs and processes [5] 

The actual implementation of the ABC calculation is a longer-term and complex process that includes, first of 
all, a cost classification, basic categories of activities, a hierarchy of activities, it identifies relationship variables, 
activity performance levels and, last but not least, the entire structure of the ABC system. The simplified 
procedure when applying the ABC calculation consists of the following 3 steps:  

1) Indirect costs are allocated to individual specified activities according to Resource Cost Driver which 
determines the method of converting the accounting costs into defined activities. 

2) In the second step, the total cost of each activity is determined, its Activity Cost Driver is defined and 
the unit cost is determined.  

3) In the third step, the costs of an expense item (operation, service, customer) are determined, based on 
the costs per activity unit and the volume of these units which are consumed by the expense item. 

 
Figure 4 Cost flow in the ABC system 

WHAT
we make for costs?

WHY 
we make a cost?
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we are doing?
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Cost 
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An example of the cost flow in the ABC system is shown in Figure 4. The original sketch by the author of 
Modern Cost Management Methods, Popesko [4], has been adapted for one of the cost flow models in a 
metallurgical enterprise.  

2.4. Advantages and disadvantages of the ABC calculation method 

Although the ABC calculation appears to be clearly beneficial, there are drawbacks in its implementation 
playing a significant role. The principal question is whether and how we can define the calculation unit. Table 3 
provides an overview of advantages and disadvantages, or rather obstacles, when building an ABC system. 
The source of information is an unnamed foundry, although other types of enterprises in this field may operate 
and apply completely different calculation methods and procedures.  

Table 3 Comparison of the consequences of the ABC system 

 

3. CONCLUSION 

Given the limited scope of the contribution, it was impossible to apply the ABC calculation method in practice 
and thus highlight its benefit to a metallurgical foundry as well as its separate processes as outlined above. 
Nevertheless, it is clear that the dynamics and accuracy of the ABC calculation bring benefits in the first place 
and help reveal the actual cost drivers, thereby ensuring an effective management of all company costs. 
Managerial decisions made on the basis of this information can serve as a tool for increasing performance and 
profitability of the enterprise.  
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Advantages Obstacles
More accurate cost identification, especially overhead 
costs

Change of thinking towards modern concept 
of process management

Allocation of costs according to causality principles Staffing for the implementation of ABC
Reduction in inefficient activities Choosing the right form of ABC

Identification of the optimum process dose - melting 
furnace, moudling, heat treatment etc.

The need for an accurate overview of the 
company's activities

Definition of the effective number of operations per 
product heating cycle Management support

Maximum capacity utilization of technology Cost allocation common to multiple activities
Elimination of undesirable costs of individual 
processes

Larger volume of default data entering the 
ABC system

Rapid response to variations and changes in 
individual processes



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2115 

SELECTED PROBLEMS OF MANAGEMENT OF THE SUPPLY SUBSYSTEM  
IN THE ENTERPRISE OF THE FOUNDRY SECTOR: DETERMINATION OF THE PURCHASING 

SOURCES AND THE LEVELS OF UNIT MATERIAL CONSUMPTION 

DZIUBA Szymon1, KADŁUBEK Marta2, INGALDI Manuela2 

 1 Wroclaw University of Economics, Wroclaw, Poland, EU  
2 Czestochowa University of Technology, Czestochowa, Poland, EU 

Abstract 

The paper characterizes the tasks of the selected logistic subsystem in the area of the enterprise operations. 
The main aim of the study is to identify and analyse two tasks of management of the supply subsystem in the 
Enterprise X operating in the foundry sector. Firstly, planned sources of purchasing in the Enterprise X for  the 
proposed redesigned manual meat mincer were determined. The phase of purchasing is composed of the 
partial functions and tasks which integrate real and information processes. The content of these processes 
can be determined by the reply to the most important questions connected with enterprise's core activities, 
concerning in particular make-or-buy decisions, which are connected with determination of the scope of 
permanent cooperative relationships. Next, the level of unit material consumption for manufacturing of cast 
products was evaluated for the proposed redesigned manual meat mincer. Effective operations of the 
Enterprise X depend on the effective meeting material needs for the internal production, auxiliary components 
for manufacturing of cast products and moulding materials which were estimated and presented in this study.  

The paper is based on the two items of the literature and author's own examinations conducted using the 
method of interviews with employees and customers in the Enterprise X. An important source of information 
was internal materials obtained through collaboration with authorities and employees of the enterprise.  

Keywords: Supply subsystem, management, foundry sector 

1. INTRODUCTION 

This paper is devoted to characterization of the tasks of the selected logistic subsystem in the area of the 
enterprise operations [1, 2]. The main aim of the study is to identify and analyse selected tasks of management 
of the supply subsystem in the Enterprise X operating in the foundry sector. 

The paper is a continuation of the study with similar title, presenting the theoretical approach to the supply 
subsystem in the systematic logistics concept, providing a brief characterization of the object of activities of 
the Enterprise X from the foundry sector and identifying and analysing two problems of management of the 
supply subsystem in this entity: customers' needs in the area of products expected and the predicted 
production levels and sales levels [3]. This study identifies and analyses another two problems of management 
of the supply subsystem in the entity: determination of planned sources of purchasing in the Enterprise X and 
estimation of the level of unit material consumption for production of cast products [4]. 

The paper is based on the two items of the literature and author's own examinations conducted using the 
method of interviews with employees and customers in the Enterprise X. An important source of information 
was internal materials obtained through collaboration with authorities and employees of the enterprise.  

2. DETERMINATION OF THE PLANNED SOURCES OF PURCHASING IN THE ENTERPRISE X 

Of the broad range of products offered by the Enterprise X, one of the most important items in the national and 
international market is household goods, which include e.g. manual meat mincer - the product which can be 
used for identification and analysis of the tasks of the logistic subsystem of the entity in this paper. Furthermore, 
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while taking opportunities of the logistic subsystem of the Enterprise X based on the selected product, i.e. 
manual meat mincer, it will be redesigned and modernized. The equipment manufactured by the Enterprise X 
will be modified after conclusions drawn based on the analysis of internal materials of the enterprise X and, 
first and foremost, the interviews made with employees.  

The phase of the purchasing is composed of many partial functions and tasks which integrate the real and 
information processes [1, 3, 4]. The content of these processes can be determined by the reply to the most 
important questions connected with enterprise's core activities, concerning in particular make-or-buy decisions, 
which are connected with determination of the scope of permanent cooperative relationships [5].  

The make-or-buy decisions have to be preceded by a full analysis of all factors that take into consideration the 
sometimes contradictory interests of various units in the entity [6]. In the Enterprise X, the purchasing 
managers' decisions are made based on the following information: 

 internal production - high level of value added, unique technology, strategic character of the casting 
technology, 

 deriving goods from cooperation - opportunities for profitable active cooperation. 

It should be emphasized that the decisions concerning internal production or cooperation should be made at 
early phases of product development [7], especially at the stage of the assumptions for the project of meat 
mincer modernization presented in this paper. 

According to the project assumptions of meat mincer modernization, planned list of parts for internal production 
and purchasing at other manufacturers was prepared for the product representative in the Enterprise X - 
manual meat mincer A -1 (see Table 1). 

Table 1 Planned list of parts the proposed redesigned manual meat mincer A-1 for internal production  
    and purchasing at other manufacturers 

No. Name of parts Material Pc./item Type of part 
1 Mincer body Grey cast iron 150 1 Original 
2 Worm Grey cast iron 150 1 Original 
3 Crank Grey cast iron 150 1 Original 
4 Nut Grey cast iron 150 1 Original 
5 Cross blade 165 steel 1 Original 
6 Mesh plate Steel 115 1 Original 
7 Bolt (holding, fixing) Steel 3S 1 Original 
8 Fixing bolt Steel 3S 1 Original 
9 Pivot Steel A10X 1 Original 

10 Rivet Steel 2N 1 Original 
11 Holder Steel 08X 1 Original 
12 Sealing bushing Steel 2N 1 Original 
13 Holder cap Black rubber 1 From purchasing 
14 Stem cap Black rubber 1 From purchasing 
15 Handle Beech wood 1 From purchasing 

Machine parts, such as wooden handles and rubber caps (stem cap and holder cap) according to the project 
assumptions of meat mincer modernization are planned to be purchased by the Enterprise X from nearby 
cooperating companies according to the following sources of purchasing:  

1) Wooden handles are manufactured for the enterprise by other woodwork service providers from 
Katowice, Częstochowa and Blachownia (Southern Poland), 
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2) Rubber pads for the entity are manufactured by an enterprise that offers services of plastic/rubber 
processing and machining from Poręba near Zawiercie (Southern Poland). 

Due to above mentioned handling the database on supplies will contain information necessary for the choice 
of best source of purchasing i.e. adequate evaluation from the standpoint of current prices, quality of products, 
costs of transport, deliveries and technical support. 

3. DETERMINATION OF THE LEVEL OF CONSUMPTION OF MATERIALS FOR PRODUCTION OF 
CASTS IN THE ENTERPRISE X 

In the most of enterprises, the structure of material requirements is quite complex. Great number of materials 
and raw materials with different level of processing and technical readiness for application leads to different 
approaches to processes of planning and purchasing in the supply subsystem [8].  

Information that allows for adequate material requirements planning in the Enterprise X include in particular 
[9]: 
 current production and sales plans for finished products, presented in the part 1 of this paper, 
 catalogues of materials available in the market of products of the foundry sector, price lists, catalogues, 

bids, advertising brochures, which are of substantial interest in the field of marketing, 
 the normative database, which involves especially unit consumption of materials for internal production, 

auxiliary components for manufacturing of cast products and moulding materials which are presented 
below.  

The database as below are developed on the basement of author's own examinations conducted using the 
method of interviews with employees of the Enterprise X, analysis of internal materials obtained through 
collaboration with authorities of the Enterprise and using the statistical methods.  

According to the project assumptions of meat mincer modernization, the unit consumption of materials for part 
of manual meat mincers unified for internal production in the Enterprise X was estimated. The comparison of 
the data is presented in Table 2. 

Similar estimation of unit consumption of materials for internal production was made using natural material 
units (cast iron, steel, rubber) of kilograms, which is presented in Table 3.  

Table 2 Estimation of the unit consumption of materials for internal production for the proposed redesigned  
   manual meat mincer A-1 

No. Name of parts Material Pc./item Unit consumption [%] 
Machine A 

1 2 3 4 
1 Mincer body Zl 150 Zn 1 55.8 1.2 55.3 1.2 55.7 1.3 56.5 1.3 
2 Worm Zl 150 Zn 1 16 0.2 19.9 0.2 19.7 0.3 19.8 0.3 
3 Crank Zl 150 Zn 1 7.9 0.2 6.1 0.2 5.9 0.3 5.7 0.3 
4 Nut Zl 150 Zn 1 8.03 0.15 7.75 0.15 8.3 0.2 7.5 0.2 
5 Cutting blade Steel 165 1 0.8 0.9 0.9 1.0 
6 Mesh plate Steel 115 1 2.6 2.5 2.8 2.6 
7 Set bolt Steel 3S 1 0.8 0.6 0.45 0.45 
8 Fixing bolt Steel 3S 1 2.8 2.2 1.6 1.55 
9 Pivot Steel A10X 1 0.85 0.9 0.7 0.7 

10 Holder Steel 3S 1 0.6 0.6 0.45 0.4 
11 Rivet Steel 2N 1 1.25 0.9 0.7 0.8 
12 Sealing bushing Steel 2N 1 0.8 0.6 0.7 0.6 

Total 12 100 100 100 100 
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Table 3 Estimation of the unit consumption of materials for internal production in natural units for the  
   proposed redesigned manual meat mincer A-1 

No. Name of parts Material Pc./item Unit consumption [kg] 
Machine A 

1 2 3 4 
1 Mincer body Zl 150 Zn 1 1.2 0.02 1.53 0.03 1.95 0.04 4.1 0.09 
2 Worm Zl 150 Zn 1 0.34 0.004 0.55 0.005 0.7 0.01 1.4 0.03 
3 Crank Zl 150 Zn 1 0.16 0.004 0.17 0.005 0.2 0.01 0.4 0.03 
4 Nut Zl 150 Zn 1 0.17 0.03 0.21 0.004 0.3 0.007 0.6 0.02 
5 Cutting blade Steel 165 1 0.017 0.025 0.031 0.075 
6 Mesh plate Steel 115 1 0.06 0.07 0.1 0.2 
7 Set bolt Steel 3S 1 0.017 0.016 0.015 0.035 
8 Fixing bolt Steel 3S 1 0.06 0.06 0.056 0.115 
9 Pivot Steel A10X 1 0.018 0.025 0.025 0.05 

10 Holder Steel 3S 1 0.012 0.016 0.015 0.03 
11 Rivet Steel 2N 1 0.026 0.026 0.025 0.065 
12 Sealing bushing Steel 2N 1 0.02 0.017 0.025 0.06 

Total 12 2.14 2.78 3.50 7.30 

Also consumption of cast iron components was estimated for the proposed redesigned manual meat mincer 
A-1, which is presented in Table 4. 

Table 4 Estimation of the consumption of cast iron components for the proposed redesigned manual meat  
   mincer A-1 

Charge materials Unit consumption 
[%] [kg/making 1kg of the cast product] 

Scrap cast iron 60 1.08 
Scrap steel 15 0.27 

Pig iron 22 0.396 
Ferromanganese 0.3 0.0054 

Ferrosilicon 2.2 0.0396 
Ferrophosphorus 0.5 0.009 

Total 100 1.8 

In the process of cast product manufacturing, the charge materials are molten in the shaft furnaces. In order 
to operate such furnaces, estimation of auxiliary components is also needed, with their consumption presented 
in Table 5.  

Table 5 Estimation of the consumption of auxiliary materials for production of cast products for the proposed  
   redesigned manual meat mincer A-1 

Charge materials Unit consumption 
[%] [kg/making 1kg of the cast product] 

Coke 79.7 0.279 
Limestone 20 0.07 
Carbide 0.3 0.001 
Total 100 0.35 
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In the casting process, part of the cast iron for performing the moulding compound and cores is needful for 
moulding materials. In addition to cast iron, the following materials are also planned to be used for production 
of mincer body, warms, crank and nuts: 

 Consumption of quartz sand which is estimated as around half of the cast product weight; 

 The consumption of quartz sand was calculated from the equation: 

18.0 weightproductcastsandquartztheofnconsumptioUnit                                                      (1) 

 The consumption of Ekosil binder was calculated from the equation: 

081.0 weightproductcastEkosiltheofnconsumptioUnit                                                           (2) 

Unit consumption of individual moulding materials for manufacturing of cast iron parts of manual meat mincers 
was also estimated for the proposed redesigned manual meat mincer A-1 to be manufactured by the Enterprise 
X, which is presented in Table 6. 

Table 6 Estimation of the unit consumption of individual moulding materials for manufacturing of cast iron  
   parts of manual meat mincers for the proposed redesigned manual meat mincer 

Part 
No. 

Name 
of parts 

Pc. /item Material Unit consumption 

Machine A 

1 2 3 4 

[%] [kg] [%] [kg] [%] [kg] [%] [kg] 

1 Mincer 
body 

1 A 66.7 0.6 66.1 0.76 66 0.97 65.9 2.05 

B 23.3 0.21 23.5 0.27 23.8 0.35 23.5 0.73 

C 10 0.09 10.4 0.12 10.2 0.15 10.6 0.33 

Total 100 0.9 100 1.15 100 1.47 100 3.11 

2 Worm 1 A 68 0.17 67.5 0.27 67.4 0.35 66.1 0.7 

B 24 0.06 22.5 0.09 23 0.12 23.6 0.25 

C 8 0.02 10 0.04 9.6 0.05 10.3 0.11 

Total 100 0.02 100 0.4 100 0.52 100 1.06 

3 Crank 1 A 72.8 0.08 66.7 0.08 71.4 0.1 66.7 0.2 

B 18.2 0.02 25 0.03 21.4 0.03 23.3 0.07 

C 9 0.01 8.3 0.01 7.2 0.01 10 0.03 

Total 100 0.11 100 0.12 100 0.14 100 0.3 

4 Nut 1 A 66.7 0.08 71.5 0.1 68.2 0.15 68.2 0.3 

B 25 0.03 21.4 0.03 22.7 0.05 22.7 0.1 

C 8.3 0.01 7.1 0.01 9.1 0.02 9.1 0.04 

Total 100 0.12 100 0.14 100 0.22 100 0.44 

A - resin coated sand; B - quartz sand; C - Ekosil 

Estimation of the unit consumption of moulding materials for performing cast products for a single manual meat 
mincer is presented in Table 7. 
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Table 7 Estimation of the unit consumption of moulding materials for manufacturing of cast parts for a single  
   manual meat mincer for  the proposed redesigned manual meat mincer 

Part 
No. 

Name of 
parts 

Material Pc./item Unit consumption 

Machine A 

1 2 3 4 

[%] [kg] [%] [kg] [%] [kg] [%] [kg] 

1 Mincer 
body 

MF 1 65.2 0.9 63.5 1.15 62.5 1.47 63.3 3.11 

2 Worm MF 1 18.2 0.25 22 0.4 22.1 0.52 21.6 1.06 

3 Crank MF 1 7.9 0.11 6.7 0.12 6 0.14 6.1 0.3 

4 Nut MF 1 8.7 0.12 7.8 1.14 9.4 0.22 9 0.44 

Total 4 100 1.38 100 1.81 100 2.35 100 4.91 
MF - moulding materials used in the Enterprise X: resin coated sand, quartz sand, Ekosil binder 

Materials for cast product cleaning are also used in the process of cast iron manufacturing. For this purpose, 
for the proposed redesigned manual meat mincer the cast iron or steel casting shot will be used, with its 
estimated consumption of ca. 60 kg per tonne of cast products i.e. ca. 6 % of shot mass will be used to 
manufacture 100 % of cast products. 

Cast products cleaned from the moulding compound will be exposed to etching in water solutions of 
hydrofluoric acid H2F2 with concentration of 40 %. Estimated consumption of the solution of H2F2 will be ca. 
360 l per 1 tonne of cast products i.e. 36 % of the solution mass per 100 % of cast product mass. 

Effective operations of the Enterprise X depend on the effective meeting the above estimated material 
requirements for the internal production, auxiliary components for manufacturing of cast products and moulding 
materials. According to scientific and practical experts, the level of consumption of these materials represents 
the basic component of the costs of enterprise activities and it always offers some opportunities for cost 
reduction [9, 10, 14]. Therefore, a major part of the current assets of the enterprise depends on the above 
estimations of unit consumption levels. These levels are used to determine inventory levels and the fixed 
assets are necessary to be involved. Consequently, the processes in this task of the supply subsystem have 
an exceptional effect on the wholeness of activity of the Enterprise X and other similar business entities as 
they have a significant effect on its costs and allow for increasing the competitiveness [11]. 

4. CONCLUSION 

Production processes in the Enterprise X in the foundry sector require constant and regular supply of materials. 
The supply subsystem in the enterprise studied includes a number of tasks, which in reference to the literature 
of the subject [12, 13, 14] were identified as:  

 choice of planned purchasing sources - it is important to select the supplier that is able to meet all the 
quality requirements of the enterprise and deliver goods in a timely manner; 

 determination of the estimated level of unit consumption of materials for production of cast products - 
the level of a single purchase is connected with planned demand and production or sales plans. 

Due to another aim of the paper which was analysis of identified tasks of management of the supply subsystem 
in the Enterprise X, the presented database were developed on the basement of author's own examinations 
conducted using the method of interviews with employees of the Enterprise X, analysis of internal materials 
obtained through collaboration with authorities of the Enterprise and using the statistical methods.  

According to the project assumptions of meat mincer modernization, the number of material items to be 
purchased was estimated which can reach thousand of pieces and generate very high costs. Therefore, it is 
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critical to make right decisions concerning the supply subsystem in the area of the above tasks, specially  due 
to the project assumptions of meat mincer modernization to plan purchasing and to estimate unit consumption 
of materials. Management of the supply subsystem in the Enterprise X also involves many other tasks, which, 
due to the character count limitations, were not discussed in this paper.  

According to the literature of the subject although the supply area in the enterprise is a complex process, it 
can be effectively managed if the manager develops some system solutions to its implementation, coinciding 
with, inter alia, identification and analysis of its main tasks [1, 3, 4]. As the task-oriented approach to optimizing 
the management of the supply subsystem in the enterprise increases, decision-making across the entire supply 
chain is enhanced, providing comprehensive optimization. At the same time, following the detailed 
identification and analysis of the subsystem's tasks, it is important to emphasize their diversity as a result of 
different approaches to this type of research problem. 
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Abstract 

Industry 4.0 Concept is current trend of automation and data exchange in manufacturing technologies. It 
includes cyber-physical systems, the Internet of things, Big Data, cloud computing and more. Industry 4.0 
creates what has been called a "Smart Factory design". The term Industry 4.0 it selves means the fourth 
industrial revolution. It incorporates emerging technical advancement to improve industry so as to deal with 
some global challenges. The aim of this paper is to describe the incoming changes, which must be made in 
short time in metallurgical industry to be compatible with “other world” systems. The Industry 4.0 implements 
new approaches to human resource management, automation, data networks interconnections, data storage, 
data mining and much more. The changes has already started, but implementations and human stance to new 
ideas will take decades. 

Keywords: Industry 4.0, metallurgy, data processing, data mining, model, continuous steel casting 

1. INTRODUCTION 

The concept Industry 4.0 is a common expression, we are hearing every day, everywhere in every technical 
area. For why? What does it stand for? The fast, global, simple explanation is, that it means fourth technological 
revolution. The steam, Ford’s assembly line, industry automation and digitalization and smart factory design. 
This is not so simple. The concept Industry 4.0 originate from natural evolvement. The transition from previous 
“industrial revolution” isn’t sharp as it was in the past. Some (many) factories and production plants around a 
world has implemented modern technologies and approaches to its production chain. The main indicator of 
Industry 4.0 is digitalization. There is a force to production chain to be more optimized, to be interconnected 
each production devices (not only devices, but also systems) and product itself has all necessary data to its 
production. Also is paid attention to increase production devices (systems) lifetime throw the maintenance 
management. For Industry 4.0 is typical, that originate digital models of devices and processes to obtain more 
clear and transparent view to the processes. Cyber physical space includes production organization and 
optimization, communication between lifeless objects, system agents dispose of advanced artificial intelligent. 
As a trend originate so called digital twins, which are physical object and its digital copies. This feature can be 
seen commonly in automotive area. Each produced entity has its digital copy, which writes any service mission, 
sensor state, mileage, surrounding conditions and more. It is obvious, that all of mentioned features requires 
stabile, fast and robust data interconnection. [1][2] 

Also it is generating huge amount of data, which has to be stored somewhere. Demands on transmission lines 
and communication protocols are enormous. Huge data sets are not readable, so arise new data mining 
methods and algorithms. For example, the SAP company spend more than €200 million into cloud 
infrastructure to be able to store operational data from many factories.  

These all features (Figure 1) cannot be implemented directly to existing plants and production chains. Each 
technological area is unique and has its own advantages and weaknesses. We are focusing on metallurgical 
companies and we are also trying to implement new methods to meet new standards. [3] 
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Figure 1 Concept Industry 4.0 in blocks 

2. PROBLEM DEFINITION 

Our team is developing a digital model of the mold as a part of continuous steel casting device. The digital 
model can be implement to production managing process and then act as a digital twin of real object. This 
approach has many advantages. For the first, if it would be accurate enough, you can minimize service actions, 
because you know the actual state of the device. This is unfortunately impossible. Not the model, but its 
precision. It is impossible to cover up all of the external condition and predict all random (stochastic) processes, 
which can impact real object. So the solution is to make standard precision model with maximum information 
we know (type of casting steel, amount of casted steel, temperature of steel, ambient temperature and so on) 
and other data replace by feedback from sensors. This combined model is much simpler, more effective, and 
less complex and can be implemented on standard computer machine. [4] 

 
Figure 2 Digital model cover physical hardware and software implementation 
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As it was mentioned before, new concept (Figure 2) require more sensors interconnected between each other 
and of course, interconnected into database. Interconnection itself is very complex, especially in metallurgical 
premises. Essentially, the inner construction of structures are made from steel and concrete, which is basically 
RF (Radio frequency -WiFi etc.) proof. Also there are common high current power grids, which generates 
additional electromagnetic interference (EMI) and further disallow data communication. [5] 

Gathered data are stored in huge server farms, which are not (usually) located in home company. Especially 
last statement is significant milestone, because most companies protect its own data as a know-how. But 
investment millions of Euro into server infrastructure is mostly unreal, or can’t be accepted because of 
realization time. It is hard to imagine amount of stored data every day. If we want precise and relevant 
information about process or object (continuous steel casting device), it is needed to implement hundreds of 
small sensors around the machine. This sensor group can produce more than 50 GB of data per day which is 
more than 18 TB per year. And this is only one process, one production premise. [6] 

3. USAGE OF ADVANCED DATA PROCESSING IN DATAMINING 

The goal of our development was creation of algorithm, which can tell us, if operating continuous steel casting 
device working correctly and no threats is in short period of time. The continuous steel casting device is 
complex device, which can cool down liquid steel in mold to state, it has solid outer envelope. The blank surface 
can has 1200 °C and inner core is still liquid. Then the blank is cool down by secondary cooling stage, which 
is basically water mist fed to the blank surface. The mold’s surface is very straining by abrasion. It is necessary 
to know how many tons was casted and what steel brand that was. If the abrasion is too intense, the mold 
surface has scratches. These surface faults are the cause of worsen blank quality, in other words, financial 
loss.  

The precise, theoretical model can say, when the scratches has that level, that cannot be accepted because 
of blank quality. But in reality, only casted tons are significant quantity, which says “it’s enough, stop casting 
and perform maintenance”. This behavior is absolutely inefficient from all points of view.  

We implemented a few sensors, which monitor vibrations of mold when casting (Figure 3). The data are stored 
in high sampling rate (about 100 k samples per second (kSps)). The principle is, that mold affected by 
scratches has another “sound”, than the good one. So the standard model is now extend by feedback from 
algorithm working over the stored data. 

 
Figure 3 Standard model enhanced by advanced data processing algorithm 

The goal of the test was determine, if the damaged mold surface emit some specific sound, respectively 
frequencies. The “sound” is derived from vibration data by Fourier transform, respectively Fast Fourier 
transform (FFT). After extraction of individual records, FFT is applied to data set and the results are saved into 
matrix. Each individual line of matrix corresponds to values of specific time. The calculation is composed of 
signal division into M segments which may partially overlap. From each segment is calculated amplitude 
spectrum. Then, the average value is calculated for all the segments. This average value is then used to 
remove deviation used by Windows. This method is called the Welch‘s method of modified periodograms. 
Simplified schema of calculation is shown on the (Figure 4). [7] 
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Figure 4 Welch’s method of modified periodograms used in digital signal processing algorithm 

Resulting power spectrum density (PSD) is then examined. Some vibrations (means its frequency) are 
significant, the other are meaningless. It is hard to say which one belong to certain process e.g. oscillations, 
water pump, cutting machine and so on. But it is no so important, if we know the sound of “good one” mold, or 
just renewed one. This one can be used to compare the sound during further operation and determine the 
changes. [8][9] 

In first attempt we made 120 min vibrations record. In words of data storage we are talking about 4 GB of data 
space used. Data processing itself take about 30 min. the result is the picture, where on X axis is frequency 
and Y axis represent time of the process. Each line is then a single spectrum (PSD) calculated from the data 
set. 

 
Figure 5 Power spectrum density of the process throw time 

As we can see on (Figure 5), there are several significant noise sources, when casting steel. Some of them 
are stable, the other slightly change over the time. For better, transparent work with obtained data is necessary 
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to modify them (means PSD). We are proposed a specific filter, which can detect a remove most fault 
fragments or remnants. The filter passes data (PSD) and search specific spectrum frequency, or frequency 
set. The most important to subsequent analysis are positions of these frequencies, respectively theirs value. 
The remnants are dots presented in the figure. To name all of the visible vibrations, respectively name all of 
the noise sources we need absolutely precise model of continuous steel casting device. To name the most 
significant noise sources it is needed only time form observations. Then we can name specific curve and say 
“the mold is severely damaged, perform maintenance”.  

4. CONCLUSION 

As it was mentioned in abstract, the Industry 4.0 cannot be implemented in short time. There are many 
technical segments, which has to cooperate together. Especially in metallurgical premises its implementation 
will not be easy and will demand great investments. As many specialists predict, there is no other way. The 
concept was set. This paper describe one vision, which has first tests passed. According to concept we are 
trying to improve standard mold model as a part of continuous steel casting device. Suggested improvement 
can be important element, when we consider some maintenance actions. It is only a small part of the whole 
picture, but important. 
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Abstract    

Nowadays, most of production industries (also casting industry) strive to implement properly functioning 
organizational structures, the activities of which must ensure the increased level and quality of manufactured 
elements while eliminating unnecessary wastefulness - generated during the manufacturing process. The 
implementation of tools comprising Lean Manufacturing methodology and the application of many qualitative 
methods make it possible to create properly functioning technical-organizational structure aimed at avoiding 
defects, or if they occur - to identify them quickly.     

The article presents the impact of selected production system tools organized according to the principles 
complied with Lean Manufacturing concept (LM) on the product's quality of the enterprise specializing in 
casting production. The article characterizes basic and often applied Lean tools which, as an effect, contribute 
to the improvement of the quality of the manufactured products.    

Keywords: Lean Manufacturing, quality, casting defects  

1. INTRODUCTION 

The universality of Lean Manufacturing tools makes it possible to implement them in production enterprises 
which stem from different sectors of industry. The necessity to minimize costs generated by the production 
process due to the increase in the competition level and market demands hinders the functioning of the 
enterprise not having complex technical-organizational structure on the basis of LM philosophy. Due to a 
dynamic development of metal industry as well as applied techniques and methods supporting production 
organization, most of production plants have integrated systems enabling identification and elimination of 
wastes due to the manufacturing process. In most cases the application of methods comprising Lean concept 
develops the production process itself and makes it possible to limit technological problems. On the basis of 
executed research it is possible to identify defects in manufactured products, and then propose organizational-
technological adjustments having an impact on the course and quality of the manufacturing process. The article 
proposes the implementation of various methods comprising Lean Manufacturing aimed at improving quality 
of engine piston casts. The selection of a given method depends on the type of identified problem and the level 
of its impact on the manufacturing process [1]. 

2. THE CHARACTERISTICS OF THE SELECTED LEAN MANUFACTURING TOOLS AND THEIR 
IMPACT ON THE PRODUCTION PROCESS 

Methodology allowing standardization of activities complied with Lean concept is relatively simple and enables 
acquisition of assumed goals provided that all theoretical assumptions which define the functioning of a given 
method are met. The time necessary to acquire the appropriate structural-organizational level depends on the 
type of executed production works as well as the complexity and the scope of their implementation. Regardless 
of the type of introduced organizational activities complied with LM; the assumed result of their application is 
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the elimination of wastefulness as well as standardization and control of the specified manufacturing 
processes.   

The basic principles defining Lean Manufacturing methodology and the mode of operation of selected LM tools 
may cover the following phenomena which are directly connected with the functioning of the production 
process [2]: wastefulness elimination, inventory and inter-operational stocks reduction, correction and 
standardization of the new procedures in the case of wrong organizational-technological approach, constant 
development, creation of the production environment which hinders the occurrence of the mistake, application 
of early warning system, constant improvement of the quality of finished product and its components, 
elimination of mistakes, high level of operational and technological reliability as well as minimization of 
conversion time for devices and technological machines.   

The most frequently applied tools of Lean Manufacturing concept are [2, 3]:  

 Kaizen - the method of constant improvement of the production process and organizational systems 
which is divided into stages, based on the analysis of selected activities concerning defined areas of 
activity of the production enterprise [2, 4, 5]. 

 5S - constant process allowing arrangement of the work environment through the implementation of 5 
stages of activities (sort, set in order, shine, standardize, sustain) the application of which makes it 
possible to achieve order and improve the level of safety. In most cases, this method is applied as a 
type of supporting tool in the identification of mistakes and defects which occur in the selected 
workplaces [6].  

 SMED (Single Minute Exchange or Die) - the method aimed at shortening the time for the 
implementation of machines conversion by the application of standardized organizational activities 
which minimize the number of necessary operations to execute the conversion.   

 TPM (Total Productive Maintenance) - TPM is defined as a continuous process of servicing machinery 
and equipment implemented within the entire enterprise by all operators and maintenance technicians. 
TPM focuses on maximizing the efficiency of the machinery by applying actions to prevent accidents 
during the whole period of application. Thanks to implementation of TPM every machine in the 
manufacturing process is capable of performing tasks, as there are no disruptions in the production 
process. The key role is played by the activities executed by the operators under Autonomous 
Maintenance [7].   

 VSM (Value Stream Mapping) - the method of production process mapping which presents the flow of 
materials and information in the course of the process. On the basis of executed map of the process, it 
is possible to verify the production capabilities of the enterprise and identify risks which theoretically 
result in stoppages and delays in analyzed manufacturing process. This tool suggests the application of 
adequate solutions in terms of Lean in order to remove wastes and improve activities. 

The results of the implementation of selected LM methodology tools depend on the level of organization of the 
production process and applied manufacturing technology. The proper adaptation of standardized rules which 
improve the functioning of defined areas in the enterprise aims at identifying and eliminating defects and 
restrictions which negatively affect the parameters of the production process.   

The identification of defects and risks along with identification of causes of their creation is the key function 
implemented under activities of LM methodology. The proper identification and specification of the level of 
intensity of defects and causes of their occurrence is the basis to plan organizational and technological 
changes aimed at eliminating. The necessity to execute activities connected with the identification of defects 
and their elimination is defined by well-known Pareto analysis, known also as (pattern) 80/20 rule - which 
states that roughly 80 % of the effects come from 20 % of the causes (Figure 1) [8, 9].    
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Figure 1 Pareto chart 

The decrease of the percentage level of causes for defects and difficulties in the manufacturing process will 
influence on the decrease of the level of effects which negatively affect the course of the production process, 
at the same time, decreasing the number of defects in the finished product and improving the level of the 
organization of the manufacturing process. Therefore, for the enterprise and the process it is necessary to 
identify defects (wastes) and then undertake necessary activities in order to acquire the product of high quality, 
for which the client will pay (according to Lean concept).    

3. THE IDENTIFICATION AND ELIMINATION OF DEFECTS IN ENGINE PISTON CASTS WITH THE 
APPLICATION OF LEAN MANUFACTURING TOOLS 

Casting production process covers the large number of technological operations, the proper execution of which 
guarantees the acquisition of the product characterized by the level of quality accepted by the client, meeting 
the specified criteria (e.g. resistance). The basic parameters taking into account in the casting process cover, 
among others: pouring temperature of liquid alloy, material from which the model is made and its density, 
construction of the gating system and the connection area of the model with liquid alloy [10].   

The complexity of casting process and the possibility for small margin of error in the estimation of relevant 
parameters of castings makes that this process is subject to the high risk of defects, the occurrence of which 
hinders further execution of production works. The basic defects which occur in the course of the casting 
process include [11,12]:  

 Defects of the shape of casting - short run castings, mechanical damages, bumps, pockets, beaker, 
warping 

 Breaks in casting structure (discontinuity) - cold cracking, hot cracking, inter-granular cracking, rupture,   
 Defects of the surface of the casting - roughness, scabs, punctures, scars, folds, bonds, flexures, 
 Internal defects - shrinkage cavities, scabs, porosities, swells, cold drops, external metals, sorts, 

coarseness.  

It is assumed that under commercial casting production - depending, among others, on: the casting material, 
level of complexity, applied technology and the size of batch - the percentage share of defects in relation to 
the total number of manufactured elements constitute approx. 2-5 % [13]. The occurrence of defects causes 
the increased production costs, while assuming the production of 10000 tones of casting made of cast iron. 
Reduction of the number of defects from 5 % to 3.5 % may result in the increase in production capacity of the 
company by approx. 150 tones of properly made cast (meeting quality standards) which directly accounts for 
the increase of savings of the production plant reaching approx. PLN 450 000 [13].   

The analysis covered basic causes of defects in engine piston casts made of Al-Si alloy and then defects 
reduction capacities with the application of standardized tools of Lean Manufacturing methodology were 
identified (Table 1). The basic types of defects occurring in these types of casting cover: scabs, metal and 
non-metal parts, inappropriate diameter of piston casts as well as casting cavities and porosities (Figure 2).    
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Figure 2 The example of defects created in the casting process [1] 

On the basis of the observation of the technological process the most important causes of defects in engine 
piston casts were identified (Table 1). The selection of the most important causes was executed on the basis 
of the attribution of categories as those which have the greatest impact on the problem. Then, they were 
divided in terms of assumed criteria (machine, man, method, material, management - according to 5S 
principle). The next stage defines the possibilities to eliminate these causes through the application of selected 
LM tools, (Table 1) on the basis of [1].    

Table 1 The elimination of casting defects with the application of selected LM tools 

Criterion Cause 5S Kaizen TPM SMED VSM 
Machinery park Limited capacity of machinery      

Heating failure      

Lack of machinery maintenance      

Lack of identified technological parameters      

Inadequate casting mould change      

Production 
employees 

Inadequate organizational solutions      
Lack of the application of production improving 
methods 

     

Negligence and haste      

Monotony of work      

Production 
methods 

Outdated production methods      
Lack of the organizational solutions in the process      

Delays in the execution of operations      

Applied material Inadequate storage of materials      
Pollution of input material      
Lack of innovative technology      

Management Lack of supervision over the implementation of the 
process 

     

Lack of accurate quality control      

Disorder in the production hall      

Following the analysis and covering of appropriate criteria (which cause casting defects) with causes of their 
occurrence - it was proposed to implement LM tools which may contribute to the elimination of the frequency 
of their occurrence. The most useful tool is Kaizen (proposed in 11 cases). It is a tool which enables 
improvement of simple activities and solves problems occurring in the production hall. The next suggested 
method is 5S (proposed in 10 cases) which may solve many organizational problems occurring in the 
production position. Both tools are simple in implementation, involve employees and enterprises want to apply 
them when solving problems. Kaizen and 5S were proposed during almost all of proposed causes which prove 
their universal nature and the possibility to improve the quality in the process. TPM and SMED were proposed 
during elimination of causes connected directly with Machinery Park and work methods (influence the 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2131 

improvement of capacity of machinery through the preventive actions and standardize the execution of actions 
in order to implement the process, which as a result contributes to the quality of the product. It is not simple to 
implement - it requires extensive involvement of employees and time. VSM tool, proposed in 3 cases, enables 
the identification of the source of a given cause through the analysis of the whole process. Its advantage is 
visualization of the flow of materials in the process and the possibility to identify wastes which may negatively 
affect the quality of products.   

4. CONCLUSION 

The existence of casting defects is not only a technological problem. The cause of defects may also be 
organizational problems resulting from the lack of the application of methods, tools and techniques in terms of 
quality management and Lean Manufacturing concept. The most useful, effective and applied by the 
enterprises are: 5S, Kaizen, SMED and 5Why technique which reflects the increase of the quality of products 
and improvement of the production process. The effectiveness of activities connected with introduction of 
solutions from Lean is proved by many enterprises from automotive, metallurgy and other industries - LM 
concept underlies World Class Manufacturing [14]. The proposed Lean tools for the elimination of causes of 
defects may be applied to: collect and analyze data, identify causes of defects, create new solutions and 
assess the effectiveness of activities. The implementation of these tools is not always possible mostly due to 
the lack of involvement of employees and lack of understanding. Since 80 % of the effects come from 20 % of 
the causes resulting from their influence, the analyzed enterprise should start work on the implementation of 
suggested solutions which will influence the increased quality of the product.   
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Abstract  

The article presents the use of Cobb-Douglas production function (C-D model) to analyse the impact of two 
basic factors of production: capital and labour of its size in Polish steel industry. Paul Cobb and Charles 
Douglas wrote the function as: P = a  Lα  C1-α (where P is the production of L - labour, C - capital). In this 
century the function was popularized in the neoclassical model of the company. Currently, the C-D function is 
used to assess the scale of production in economy, industry and company. In the paper the function (changed 
by David Durand): P = a  Lα  Cβ was used. The problem of the research is the selection of variables to the 
model C-D for the steel industry in Poland (on the basis of data for the period 2000-2015). The author of the 
article decided to verify the classical approach to define changed parameters of the C-D function according to 
the situation in Polish steel industry. The use of C-D function to assess economic activity of steel industry in 
Poland, evaluated the effectiveness of the restructuring measures (after the transformation of the economic 
system in Poland) and answer the question about level of the market maturity by restructured steel industry in 
Poland. 

Keywords: Crude steel production, Polish steel industry, Cobb-Douglas production function  

1. INTRODUCTION 

The Cobb-Douglas production function, studied by econometrics, expresses the effect on the output of 
production factors: capital and labour [1]. The model can be used to describe the process of production that 
can be considered at the enterprise, branch and economy level [2]. Since the moment when C.W. Cobb and 
P.H. Douglas (1928) introduced the original definition of production function, many modifications were 
developed by their followers. These modifications were related to the scope of empirical research. Examples 
of applications can be found in the work of foreign researchers H.B. Chenery and P. Clark [3], A.A. Walters [4], 
M. Brown [5], M.D. Intriligator [6] or Polish: Z. Pawłowski [7], W. Welfe [8]. Extended versions of production 
functions (with certain assumptions) include function about constant elasticity of substitution (CES) [9]. In this 
publication, the Cobb-Douglas production function was used to develop a model on the industry scale, based 
on the restructuring of the steel industry in Poland. By modifying the production function, it has been claimed 
that this is Cobb-Douglas power function, which means that it is treated as a certain approximation of the actual 
form of production function of the authors. In the measurements of metallurgical production in Poland statistical 
data were used for 2000-2015, corresponding to the structure of the model: P (in the article record as Y) - 
dependent variable - steel production (natural units: tons), net production (pure) that is the added value of the 
steel industry, sold production of the steel industry (monetary units), L (in the article record as X2) working 
time (hours) - actual working time in the steel industry, labour costs: remuneration and benefits to employees 
in the steel industry (cash units), C (in article as X1) - explanatory variable - capital as the carrying amount of 
non-current assets (cash units) after depreciation and the degree of utilization of production potential by the 
steel industry in Poland. In terms of value, all units were recalculated by the GDP delta for 2000-2015, 
assuming the price from year 2015 as 100 %, thus yielding values at constant prices rather than current, which 
facilitated model comparison. The purpose of the study is to develop different models of production function 
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models and to perform analysis of the elasticity of final production with respect to factors of production and the 
effects of production scale (production scale flexibility).  

Hypothesis of the analysis: the selection of parameters (L and C) for the production function for the steel 
industry in Poland (according to the Cobb-Douglas production function) is the subject of econometric testing 
rules (as every econometric model) and the resulting model structure may differ from the baseline developed 
by Cobb and Douglas. The content of this publication is the presentation of structure of supporting production 
functions. 

2. RESEARCH METHODS FOR USING MODELS OF C-D PRODUCTION FUNCTION MODELS 

In the econometric analysis of C-D production functions, available and licensed software was included with the 
following auxiliary tools: EXCEL v. 2007 spreadsheet from MicroSoft, Statistical package Statistica v. 12 PL 
by StatSoft. In constructing econometric models, the classical least squares method was used to evaluate the 
linear parameter of formula 1 using the Regression tool from the Excel Data Analysis and the nonlinear 
estimation method: Gauss-Nevton and Levenberg-Marquardt numerical methods from Statistica. 

lnY= a0 + a1  lnX1 + a2 lnX2                                                                                                                         (1) 

where: Y - Production; X1 - Capital; X2 - Labour, a0, a1, a2 - model parameters. 

Statistical verification of model fit was performed according to the following sequence of steps: 1. Estimation 
of model parameters; 2. Determination of determinant coefficient - R2; 3.Test of F (Significance F for p less 
than 0.05, where p -  significance level of the parameters: X1, X2 ); 4. Carrying of significance test of each 
explanatory variable (if p for each explanatory variable was less than 0.05, the explanatory variable had an 
effect on the explanatory variable). 5. Conducting the randomness test of the random component. The resulting 
power form of the production function is written in the form (formula 2). 

Ŷt = a0  X1t a1  X2t a2                                                                                                                                       (2) 

where: Ŷt - production of the steel industry at the time (added value ie net production or sold production ie pure 
production), X1t  - value of fixed assets in the metallurgical industry at the time (in total or less depreciation 
and utilization of production capacities by the steel industry in Poland); X2t - employees in the steel industry 
(persons) or actual working time in the steel industry (hours) or personnel costs (employee salaries and 
employee benefits) at the time; t - time, t=1.2...16 (appropriate for the scope of the study, which covered the 
years 2000-2015). 

The research purposes (for empirical) abandoned the assumption that a1 + a2 > 0. After verifying models 
in econometric terms, they were also evaluated from the point of view of economics (productivity).  

3. SELECTION OF VARIABLES FOR C-D EXTRUSION MODEL FOR THE STEEL INDUSTRY  
IN POLAND 

3.1. Generally about restructuring changes in the steel production in Poland  

During the transformation of the economic system in Poland (after 1989), the steel industry, as one of many 
industries, was a subject to restructuring processes in the 90s. The changes concerned not only steel 
production volume (quantitative reduction), but also qualitative changes resulting from realized investments 
and the impact of broadly understood technical and organizational progress. The steel industry withdrew (in 
2002) the martensitic steel smelting technology. Before restructuring of the steel industry in Poland, more than 
10 million tons of steel were produced, after production fell to around 9 million tones [10-11].According to the 
used technologies the structure of production has changed (increasing or decreasing the share of steel 
produced in electric furnaces or the converter steel). Until 2009, more steel was produced in the converters 
than in the electric furnaces. In 2009 several more electric processes were used to make steel. Between 2010-
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2013, the proportions were the same (50 out of 50). After 2013 more amount of steel was produced in the 
converter, for example, in 2016 5.1 million tons of steel in converter (57 %) and 3.9 million tons in electric 
process (43 %) were produced in Poland [12]. In terms of employment, the number of employees was 
drastically reduced, and the structure of the workforce was also changed. In 1990, 147,000 people were 
employed in the steel industry, now more than 20,000 [13]. The structure of employees in individual positions 
also changes. According to the division of posts into workers and non-workers, despite the dominance of the 
former (the workforce in the steel industry accounts for about 75 % of the total posts), there has been an 
increase in the number of service and administration staff in recent years. Regarding the use of working time, 
there has been a decrease in time losses. The standard of working time in Poland also has changed (currently 
working less than 15 years ago). Long-term wage costs has increased, including employee benefits. The 
average wage in the steel industry is now over 6000 PLN, 15 years ago it was 3000 PLN.  

3.2. Description of variables in the Cobb-Douglas production function in the analysis of Polish steel 
industry  

The classical model of production function: Y - steel production (tons), X1 - fixed capital (money units) X2 - 
number of employees (persons) in power form, was not statistically correct (negative statistical verification due 
to used tests). In theoretical models (Table 2) Ŷ was used for production. A further model was described which 
explained the added value generated by the metallurgical industry and was a net production gauge at constant 
deflator prices (this variable was found to be the basis for statistical modelling of Cobb - Douglas production 
function for the steel industry). In Poland in the years 2000-2015). Comparative models also used the 
production of the sold metallurgical industry in the years 2000-2015, also in fixed prices according to GDP 
deflator. In contrast to the factors of production, various degrees of disagreement have been introduced. Thus: 
the value of fixed assets in individual years was reduced by the depreciation costs. The data on the level of 
production capacity utilisation in the steel industry in Poland (Table 1) were also used in relation to the value 
of non-current assets. In terms of employment included the number of employees in total and broken down by 
job, the use of working time and labour costs (basic variables - Figures 1- 4). 

Table 1 Steel production and capacity utilisation 

Year 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

million 

tons 10.50 8.81 8.37 9.11 10.58 8.33 9.99 10.63 9.73 7.13 7.99 8.78 8.34 7.95 8.56 9.20 

% 83 70 66 72 84 66 79 84 77 57 63 70 66 63 69 73 

Source: [12] 

 
Figure 1 Steel production and added value 

generated by Polish steel industry [12] 
Figure 2 Steel production and value of non-current 

assets in Polish steel industry [12] 

Maximum production capacity of 12.6 million tons (annual demand of the domestic economy for steel products 
is more than 12 million tons, apparent steel consumption in 2015 is 12.5369 million tons) [12]. The models 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2135 

presented in this publication are summarized in Table 2, which are discussed in accordance with the order 
number proposed in this table. The scope of interpretation included the coefficient of elasticity of production 
with respect to individual factors of production: EŶ/X1 or EŶ/X2 (formula 3) and the effect of the scale of production 
as the sum of the elasticity of the power function - ESP (formula 4); [14].  

                                                                                  (3) 
ESP = EŶ/X1 + EŶ/X2                                                                                                                              (4) 

 
Figure 3 Number of employees (in total and broken 

down by job) and working time in Polish 
steel industry [12] 

Figure 4 Labour costs in Polish steel industry [12] 

 

In the first model (no. 1), the flexibility of production versus fixed assets reported that the increase of this 
property by 1 % resulted in an average increase in the value added of the steel industry in Poland by 0.7799 %, 
assuming that the level of employment would not change. On the other hand, the increase in the number of 
employees in the steel industry by 1 % causes an average decrease of 0.6371 %. The effect of the scale of 
production (elasticity of production) for this function 0.11276 indicated that inputs in the analysed function are 
growing at a faster rate than the effects, and since ESP < 1 is a case of decreasing production efficiency. For 
this function, the added value generated by the steel industry in Poland is growing at a slower rate than the 
total expenditure on increasing fixed assets and increasing employment. Disaggregating the number of 
employees to the level employed in production (workers employed in the ironworks in Poland) results in an 
increase in the effect of the production scale (ESP = 0.1428) - model no. 2. When labour expenditures were 
described by working time in the steel industry in Poland, a significant increase in the scale effect was obtained: 
ESP = 0.3605 (no. 3). In the models discussed so far, capital expenditures were described using fixed assets 
(annual values in 2000-2015). The coefficient of elasticity of production over fixed assets for the first two 
functions was the same (EŶ/X1 = 0.7799), and in the third mode EŶ/x1 = 0.8435. Disintegration, primarily through 
the depreciation level (annual average depreciation costs in fixed prices), and secondly by the capacity 
utilization rate in the steel industry in Poland (Table 1), resulted in a decrease in the production flexibility index 
relative to the detailed fixed assets compared to the no.1 model, respectively 0.0292% (EŶ/X1 = 0.7507) and 
0.1465% (EŶ/X1 = 0.6334). On a comparable level was the rate of production elasticity described by the sold 
production of the steel industry at constant prices (no. 6 and 7): EŶ/X1 = 0.6952, EŶ/X1 = 0.7196. Flexibility ratios 
of EŶ/X2 work productivity were negative (no. 1 to 7), the result of the negative correlation of variables Y and 
X2. It should also be emphasized that the effects of the scale of production on the production function as value 
added produced in the metallurgical industry were positive, then in the case of sold production those values 
were negative. Thus, the increase in the factor of production (in these models), ie the work measured by the 
number of employees or the working time by 1 %, caused the output of the factor function of the variable X2 
to decrease accordingly. In models 1 to 7, scale effects (production scale flexibility) were less than 1, indicating 
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a decrease in the productivity of the production factors. Beginning with model 8, the scale effects are greater 
than 1, and therefore there is increasing production efficiency (effects grow at a faster pace than total 
production). Models in which variable X2 is labour costs as annual employee salaries in fixed prices or as 
employee salaries, along with employee benefits, also at constant prices on a yearly basis, production flexibility 
(added value) Fixed assets, after depreciation and the utilization of production capacity in particular years in 
the steel industry, were respectively: EŶ/X1 = 0.6843 EŶ/X1 = 0.7150 (condition X2 is unchanged), and production 
rates in relation to labour costs EŶ/X2 = 0.4840, EŶ/X2 = 0.4284 (when X1 unchanged).  

Table 2 A summary of Cobb - Douglas production function used for the steel industry in Poland 

No. 
models 

Form of model Parameters EŶ/X1 EŶ/X2 ESP 

1. Ŷ = 14308.22 X10.7799 
 X2-0.6523 

Ŷ  - added value 
X1 - value of fixed assets 
X2 - number of working people 

0.7799 -0.6523 0.1276 

2. Ŷ = 10273.10  
X10.7799  X2-0.6371 

Ŷ - added value 
X1 - value of fixed assets 
X2 - number of working people in working positions 

0.7799 -0.6371 0.1428 

3. Ŷ = 1180.25  X10.8435 
 X2-0.4830 

Ŷ - added value 
X1 - value of fixed assets 
X2 - actual working time 

0.8435 -0.4830 0.3605 

4. Ŷ = 24929.4  X10.7507 
 X2-0.6558 

Ŷ - added value 
X1 - value of fixed assets less depreciation costs 
X2 - number of working people 

0.7507 -0.6558 0.0949 

5. Ŷ = 4527532  X10.6334 
 X2-0.9841 

Ŷ - added value 
X1 - value of fixed assets less depreciation costs 
and taking into account the capacity utilization rate 
X2 - number of working people in working positions 

0.6334 -0.9841 -0.3507 

6. Ŷ = 8455717.1  
X10.6952  X2-1.0313 

Ŷ - sold production 
X1 - value of fixed assets 
X2 - number of working people 

0.6952 -1.0313 -0.3361 

7. Ŷ = 3089785.9  X1 
0,7196  X2-0,9214 

Ŷ - sold production 
X1 - value of fixed assets 
X2 - actual working time 

0.7196 -0.9214 -0.2018 

8. Ŷ = 0.1148  X10.6843  
X20.4840 

Ŷ - added value 
X1 - value of fixed assets less depreciation costs 
and taking into account the capacity utilization rate 
X2 - labour costs (wages and benefits for 
employees) 

0.6843 0.4840 1.1683 

9. Ŷ = 0.1715  X10.7150  
X20.4284 

Ŷ - added value 
X1 - value of fixed assets less depreciation costs 
and taking into account the capacity utilization rate 
X2 - labour costs (wages for employees /employee 
salaries) 

0.7150 0.4284 1.1434 

Grey colour for function graphs are shown on Figure 5. 
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Figure 5 Function graphs of Cobb-Douglas production function - models for Polish steel industry 

Source: Own research 

Models with indexes: In the last three models (no. 10, 11, 12 in Table 3), specific performance indicators 
were used to describe workloads:  

Index no.1: Occupancy rate as the ratio of the number of employees in the non-staff to the number of 
employees in the workforce and the index of actual working time according to positions as the ratio of the 
actual working time in the non-working positions to the actual working time in the workplace.   

Index no. 2: Efficiency ratio of working time, which is the quotient of the total time spent by the time the 
maximum (possible to be worked in the industry, taking into account the loss of time due to workers' rights, eg. 
the right to leave).  

Index no. 3: The ratio of the effective working positions as the product of the ratio of the effective operation 
time of the white-collar worker and the relative positions of the white-collar workers.  

Table 3 C-D models for the steel industry in Poland with specific performance indicators 
No. 

models Form of model Parameters No. 
indexes 

EŶ/X1 EŶ/X1 ESP 

10. Ŷ = 0.4399  X10.7434  
X20.3587 

Y - added value 
X1 - value of fixed assets less 
depreciation costs and taking into 
account the capacity utilization 
rate 
X2 - labour costs (employee 
salaries) after the proper index 

1 0.7434 0.3587 1.1021 

11. Ŷ = 0.1973  X10.7054  
X20.4311 2 0.7054 0.4311 1.1365 

12. Ŷ = 0.4715  X1 0.7367  
X20.3609 3 0.7367 0.3609 1.0976 

Source: Own research. 

4. CONCLUSION 

Models are used to describe many aspects of the functioning of metallurgical enterprises, including process 
management [15] and technology [16]. In this work, the scope of the production function has been narrowed. 
Evaluation of the effectiveness of the restructuring process in the steel industry in Poland is possible in various 
research areas. One of them is the analysis of C-D production function. On the basis of models have been 
found: 

1) Negative correlation between variable Y (output): added value or sold production and variable X2 (labour 
input - L); number of employees or actual working time in the steel industry in Poland in 2000-2015. 
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2) Positive correlation between variable Y (output): added value or sold production and variable X1 (capital 
outlay - C): total fixed assets or depreciation costs and capacity utilization in the steel industry in Poland. 

3) Most similar models of production functions for models of authors C.W. Cobb and P.H. Douglas received 
in the case of labour cost description (employee and employee benefits paid in 2000-2015) and in 
the case of the use of labour conversion formulas by appropriate performance indicators. 

Reference to the hypothesis of the analysis: based on the restructuring changes in the steel industry in Poland, 
production functions with changed parameters were obtained. Modifications were made to parameter C, that 
is, capital which was realized by the degree of its use for production and the deprecation and to parameter L: 
time work and labor costs. 
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Abstract 

The paper deals with the current issue of finding a new production program for employing handicapped people 
in the form of specifically oriented operations in the field of metallurgical production. It presents the opportunity 
to use the domestic raw material bases and to prepare the possibilities of evaluation of low-carbon cold-drawn 
wire and drawn wire of non-ferrous metals. At present, the Czech Republic imports a wide range of small 
products that require a high share of manual work, patience and manufacturing operations that need only a 
minimal amount of technological machine equipment in the form of tools and products. It is mainly galantry 
production, a consumer market area oriented to support small-scale production, crafts and family businesses. 
The paper presents selected knowledge and practical experience in the field of long-term work with 
handicapped people. At the same time, the research focuses on the ability of handicapped people to adapt to 
new production and assembly programs, on work with drawn low-carbon wire. The results of the research 
show the possibility of using low-carbon drawn wire with its properties for work of handicapped people in 
protected workshops. 

Keywords: Low-carbon wire, non-ferrous metals, wire products, handicapped persons, protected  
         workshops 

1. INTRODUCTION 

The aim and goal of this paper is to present the results of the research of properties of cold drawn wire suitable 
for the employment of handicapped persons in the field of metallurgical production. The authors of the research 
attempted to make a seemingly absurd connection between the outputs and knowledge of material engineering 
and long-term work in the field of care and work with handicapped persons. The research is based on earlier 
quantitative research carried out by authors of the article, confirmed assumptions that in protected workshops 
in the Czech Republic metal material for work with handicapped people is used only to a minimum extent, and, 
at the same time, the protected workshops in the Czech Republic have an employee potential for small-scale 
production of wire articles, provided the conditions for a suitable choice of strength and flexibility of the material 
used are met. 

2. WORK OF HANDICAPPED PEOPLE IN PROTECTED WORKSHOPS 

This chapter deals with the issue of protected workshops in the Czech Republic with regard to the results of 
the quantitative research carried out by the authors of the article and the interpretations of the results of this 
research, which was to find out what are the specifics of the work of handicapped persons, what fields are 
represented in protected workshops in the Czech Republic and what is the representation of metal material 
amongst materials used to work with in protected workshops in the Czech Republic. 

2.1. Protected workshops in the Czech Republic 

Employing people with physical handicap is supported by the state in the Czech Republic - an employer who 
wants to employ handicapped people can do so by setting up a protected workshop. This is authorized by the 
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relevant labour offices. The requirement is that the workshop employs more than 60% of people with disabilities 
and in most cases these workshops associate people who are hard to employe in another workplace. State 
subsidy is then demonstrated by the fact that the Labour Office generally contributes with financial resources 
to establishment of such a workshop and, for a certain period of time, it also contributes to the partial 
reimbursement of operating costs of the same. In addition, it is possible to draw on a contribution for the 
employment of people with disabilities for the operation of a protected workshop. 

2.2. Representation of metallic materials for work of handicapped people in protected workshops in 
the Czech Republic 

The authors of this article carried out a quantitative research in 2015-16, which was aimed to find out what 
works are represented in protected workshops in the Czech Republic, what percentage is represented by metal 
materials among the materials in general used in protected workshops for the work of handicapped people 
and what kind of work prevails in these protected workshops, i.e. manual or machine work, for large-scale 
production or for small or piece job orders. The research was conducted by direct acquisition of relevant 
primary data using telemarketing. The survey was aimed at respondents that were managers of the existing 
protected workshops throughout the Czech Republic. 

2.3. Areas of activities in protected workshops in the Czech Republic 

Protected workshops in the Czech Republic deal with the following works: production of detergents, soaps, 
medical clothing and clothing for food industry, personal protective equipment. They also produce floor rags, 
towels, dusters. They focus on small-scale finishing, packaging, storage and logistics. They run a workshop 
with weaving, ceramic and basketry activities. They are engaged in the assembly of semi-finished products 
and articles made of imitation jewelery, handmade finishing works in the area of cardboard packaging, 
production of drawn, decorated and perfumed candles and glycerine soaps. They operate assembling and 
printing workshops, production of musical instruments, wooden toys, interior accessories or artistic objects 
made of stone, wood and metal, handmade production of notebooks and other paper products, production of 
small gift and utility items. One of the activities of protected workshops in the Czech Republic is the work with 
surgical wire. The picture in the Figure 1 shows this activity which is represented at a minimum extent, in case 
of 4 of 200 respondents. 

 

Figure1 Share of metallic materials in protected workshops in the Czech Republic 

The very low share of metal products in protected workshops is in particular due to a dramatic change in the 
branch and industry structure of the Czech Republic industry. Under the pressure of economic and financial 
instruments, a wide range of final products of secondary metallurgical production from own raw material 
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resources, in which Czechoslovakia had a long tradition and especially considerable technical and 
technological know-how, was abandoned. 

The authors of the article derive from the knowledge acquired about the behaviour of handicapped people in 
situations when they encounter the need to work, create new values, be useful. It is precisely the need to take 
paper, wood or metal in hand, to understand their properties, which represents one way to ensure a critical 
change at the interface between social services and new technologies capable of serving not only the function 
of usefulness but also the function of a change in the mindset during the phase of consumption of these 
products.  

2.4. Specifics of the working ability of handicapped people 

Handicapped individuals with a capacity to work have some specificities in approach to work. They can be 
very careful and patient, and in the case of mild mental disability they can hold themselves for a long time in 
the same activity, not to let themselves to be influence by the effects of the environment, which can be useful 
in works requiring simple manipulation of the material, but with a high level of concentration on the same work. 
Disabled individuals are able to adapt to the performance of a profession that is seemingly inaccessible to 
them. A handicapped individual usually has developed compensatory procedures that replace the missing 
senses or limbs. They can find their own workflow solutions that a healthy individual cannot even imagine. 
However, the disabled must have an opportunity to adapt to this adaptation [1]. The disabled person should 
have the opportunity to try out specific activities and find the kind of activity that best suits him or her and to 
which he or she adapts best [2]. 

3. SELECTION OF SUITABLE MATERIAL FOR PROTECTED WORKSHOPS IN THE CZECH 
REPUBLIC 

For the area of research of a wide range of material engineering, the authors of the research focused on the 
issue of wire and wire products. This area allows us to explore and develop not only new metallographic 
features and properties at the interface of ferrous and non-ferrous metals but also the picture in Figure 2 
shows, that it provides a great opportunity to achieve uniqueness in the niche range of products with high 
added value and usefulness. 

  

                                                           

Figure 2 Production with high added value 

3.1. Cold drawn wire 

We can divide the wire into a drawn steel unpatented (low carbon) wire, a drawn steel patented (high carbon) 
wire, and a drawn wire made of premium alloy steels. In case of large deformation, the reinforcement is so 

3 euro / kg           276 euro / kg 
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high and the deformation of the steel grains is such that the material can no longer be formed without actually 
breaking it. To restore the deformation capabilities, soft annealing or recrystallizing annealing must therefore 
be included in the drawing process.  

3.2. Research - work of handicapped people with cold drawn wire 

Based on research conducted by the authors of this article, low-carbon cold-drawn wire is a suitable material 
for disabled people in protected workshops. Qualitative research was carried out at ČMELÁČEK z.s. in the 
presence of specialists in the field. 

3.3. Research objective 

The aim of the research was to find out, on the basis of the properties of low-carbon drawn wire, its suitability 
for the work of handicapped persons in seltered workshops, namely whether they are capable of working with 
this material and which material properties are the most suitable for this work. 

3.4. Implementation of research 

For the experiment, 50 adults with disabilities (20 persons with mild mental disabilities, 15 persons with physical 
disabilities and 15 persons with sensory impairment) were selected and enrolled to the experiment. We have 
obtained various types and sizes of cold-drawn wire according to the standard: Cold-formed steel wires as well 
as aluminium and copper wires. We also purchased tools for manual wire processing:         

 Wooden or rubber gripper for wire bending and strengthening 
 Anvil or steel plate with flat surface for wire straightening 
 Clamp for clamping the worked wire and bending or shaping of the wire in jaws 
 Pliers with short round jaws for wire bending and forming 
 Pliers with flat jaws for bending and forming the wire into sharp bends 
 Files with medium and fine structure for working of split ends of wires 
 Abrasive screen for wire surface treatment before initiating or before finishing of work with wire 

We have created a large barrier-free workshop with individual workplaces and material (cold-drawn low-carbon 
wire). The participants in the experiment were tasked to perform the specified operation (bending, 
straightening, cutting, surface treatment, etc.) at different workplaces with different types of wire.  

3.5. Evaluation of the participants´ ability to process low-carbon cold drawn wire 

Two experts for working with wire, two social field specialists, and two senior workshop managers were the 
evaluators of the research. Each participant was evaluated at each workplace with a score of 1-5, where 5 is 
the best result. The following criteria were assessed:  

1) Understanding the assigned task 
2) Precision 
3) Speed 
4) Working with tools 
5) Procedure 

Each participant could obtain a maximum score of 50 at ten locations.  

Individual scoring:  

 40 - 50 points: Satisfactory 
 30 - 39 points: Satisfactory with restrictions (under certain conditions) 
 0 - 29 points: Unsatisfactory 
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Group scoring: 

Three groups were scored according to the type of disability. All scores in the group were summed up and 
divided by the number of group members. The scoring scale is the same as the individual scoring scale. 

Overall evaluation: 

All participants in the experiment were summed up and divided by the total number of participants. The scoring 
scale is the same as the individual scoring scale.  

The selection of specific technical conditions and research results is also partly influenced by the physical 
condition of individual workers in protected workshops. This process of processing steel and other wires also 
requires specific safety conditions and regulations under the given conditions. 

4. RESEARCH RESULTS 

Most participants received a Satisfactory scoring, 10 Participants Satisfactory with restrictions and only 4 
participants failed (scored unsatisfactory). The group of slightly mentally handicapped people received 38 
points, physically handicapped 42 points and those with sensory impairment received 44 points. Overall, the 
participants received 41 points. 

Research shows that, on the basis of its properties, low-carbon drawn wire is suitable for the work of 
handicapped persons in protected workshops and these people are able to work with this material. Evaluators 
also assessed which materials are most suitable for the job with regard to their properties. 

The most suitable material for handicapped people in protected workshops is the low-carbon cold-drawn wire. 

Wires reinforced by drawing - wire for general use, wire for specific use - for nails, bolts, welding wire, concrete 
reinforcement wire, mattress mesh and upholstery springs, wire fabrics, needles, pins, office and letter pins, 
clothing hooks, stitching and profile wires - wires of cross sections other than circular: flat stitch wires, split 
cotter pin wire, wires for sparklers, wavy wires 

Annealed wires - wire for general use - wire used wherever its softness, bending resistance is required and its 
low strength is not a problem, wires for a particular use - wire for mesh and barbed wire, binding wires, for 
electric wires, for flexible hoses, fabrics, floral wires, sealing wires. 

5. CONCLUSION 

The described research is not considered to have been completed. Its aim is to select, on the basis of 
mechanical values (number of bends and torsions, tensile strength), such wires that are suitable with their 
deformation resistance especially for manual processing into simple products, using suitable pliers and other 
working tools. For this purpose, testing machines (breakers, benders, etc.) were not required in the protected 
workshop conditions. This will be continued in cooperation with some testing laboratories of wire-processing 
companies. The issue of research of integrity and synergies between different fields of human activity provides 
the opportunity to create unique and new solutions, new technologies in terms of employment of disabled 
people in protected workshops. Our research has shown that in real-world practice it is possible to enter into 
fields that were formerly the exclusive privilege of specialized certified manufacturers. By continuing our 
research with some testing LABORATORIES OF WIRE-PROCESSING companies, we will bring suggestions 
for further connections of metallurgy and social area, and we will explore the economic benefits of these 
solutions. 
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Abstract 

This paper presents the results of preliminary low-cycle fatigue tests of 1.2344 tool steel, used to make forging tools 
for work in higher temperatures. Based on macro- and micro-structural studies and numerical simulation of industrial 
forging processes, the conditions for performing laboratory fatigue tests were determined. Samples were subjected 
to cyclic, uniaxial loading (under tensile-compressive conditions) at four levels of total strain amplitude (0.5; 0.8; 1.0; 
2.0 %), at two temperatures: 20 and 600 °C. The results of fatigue tests were approximated using the Manson-
Coffin-Basquin equation in a εa-2Nf system and then used during verification of damage on a selected forging punch, 
which revealed high consistency between results. The comparative analysis of fatigue test results and numerical 
analyses, combined with microstructural studies, conducted in this work, demonstrated the possibility of using these 
tests, analyses and studies in the process of designing tools used in forging processes from the perspective of their 
durability and resistance to thermomechanical fatigue. 

Keywords: Low cycle fatigue of 1.2344 steel, durability of forging tools, thermo-mechanical fatigue  

1. INTRODUCTION  

Determining the durability of tools subjected to cyclic thermal and mechanical loads is a significant problem in 
modern materials engineering. Fluctuating stresses significantly reduce the lifetime of parts, since destruction 
occurs at stresses lower than the material's static strength. Determining the durability of tools in processes in 
which thermal loads are present alongside mechanical loads poses particular difficulties. Such conditions are 
present in hot die forging processes, among other, in which the temperature of tools in the near-surface layer 
may reach from as low as 50 to 700 °C, and stresses may reach up to 1200 MPa. For this reason, numerous 
studies are being conducted in the field of materials engineering concerning both the development of new tool 
materials dedicated for such processes and advanced studies of the behavior of hot-work tool steels under 
similar operating conditions [1]. Based on analysis of the state-of-the-art, it can be stated that much valuable 
information about the durability of forging tools and behavior of tool material at elevated temperatures can be 
obtained on the basis of fatigue tests that are simple to perform [2-10].  

The research problem undertaken in this paper is the experimental verification of the possibility of using the 
results of low-cycle fatigue tests conducted under laboratory conditions for advanced analysis of the durability 
of a selected forging tool. 

2. LOW-CYCLE FATIGUE OF FORGING TOOLS  

The extreme working conditions of forging tools may sometimes cause them to become damaged prematurely. 
As a result of cyclic thermal loads caused by alternating heating and cooling of a tool's surface, thermal 
stresses occur within it, finally leading to the formation of a network of microcracks. This form of damage is 
defined as thermal fatigue. This is why tool working temperature is a significant parameter of the forging 
process, in terms of both tool durability and the quality of the ready product. In addition, in die forging 
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processes, the presence of cyclically variable mechanical loads causes the occurrence of fatigue processes 
defined as mechanical fatigue, the intensity of which increases due to the appearance of the microcrack 
network formed as a result of thermal fatigue, which ultimately forms macro-cracks. The codependency of 
thermal and mechanical fatigue mechanisms means that both of these mechanisms are considered together 
as thermomechanical fatigue (Figure 1a and Figure 1b) [1,11,12].  

 

Figure 1 The vief of: a) die after forging of 7900 face wheel forgings with a photograph of the surface,  
b) die (cut in half) after forging of 8371 CVJB forgings with a SEM photograph of the surface 

Over the course of tool exploitation, as the number of performed forgings grows, the network of 
thermomechanical cracks develops and progresses (a secondary crack network forms), simultaneously 
intensifying abrasive wear. This leads to total tool destruction. Average lifetime (durability), defined as the 
number of manufactured forgings (without defects) ranges from 1000 forgings (dies for forging with stamps) to 
over ten thousand, depending on the tool (average lifetime for the insert in Figure 1a is 10000 forgings, for the 
die in Figure 1b - 16000 forgings), and sometimes this lifetime is as low as several dozen forgings (tools for 
upset forging/flattening). In the case of damage in forging tools, the decisive destructive mechanism is low-
cycle thermomechanical fatigue (over ten thousand forgings - fatigue cycles), being the dominant destructive 
mechanism leading to reduction of their durability. Studies conducted by the authors employing numerical 
modeling of industrial forging processes allow for determination of characteristic parameters of the 
technological process than cannot be determined otherwise. Figure 2a presents examples of temperature 
distributions in the tool in the final phase of forging deformation (the forming-forging process itself lasts no 
more than 0.2 s), and Figure 2b shows distributions with total deformation for 2 tools used in the second 
operation of forging the face wheel [11].  

 

Figure 2 Distributions of: a) temperature and b) total deformation, obtained from MES (axisymmetrical 
model) for die inserts made of WCLV preliminarily heated to 250 °C, forging material QS19-20, preform 

heated to 1150 °C 

a) b) 

b) a) 
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The presented temperature and deformation distributions indicate that, in certain areas of the tool, particularly 
in the central part of both tools, temperatures above 600 °C occur on their surfaces, and deformations in these 
same areas range from 0.002 to above 0.01. Such high deformation values (at a level of 0.01) may constitute 
localized areas of plastic deformations, which is typical for low-cycle fatigue (thermomechanical) in hot die 
forging processes. Studies conducted using a thermovisual camera confirmed the results of numerical 
modeling (values and areas of occurrence). On one hand, the high temperature gradients will cause thermal 
fatigue phenomena, and in turn, the longtime of contact between the hot forging and the tool may result in local 
tempering, which could presumably lead to plastic deformations. On the other hand, the application of 
increasingly advanced measuring methods as well as temperature determination on the basis of e.g. numerical 
modeling is difficult, but definitely justified, since such information could serve for determination of critical points 
in the tool, which, in combination with microstructural studies and strength tests, would make it possible to 
obtain a complete characterization of the tool's work [4,1,11]. 

That is why interesting as well as valuable information on the occurrence and development of thermo-
mechanical cracks can be provided by laboratory fatigue tests conducted under conditions similar to those 
present in industrial forging processes. The results presented by the authors of this work can be used to 
support numerical modeling and detailed analysis of the degradation mechanisms occurring in die forging 
processes, as well as in the selection of a better tool material, during tool designing and in the application of 
other methods of increasing the life of forging tools [12]. 

3. TEST DESCRIPTION AND METHODOLOGY 

Cylindrical samples with threaded heads, with nominal size of the measuring part d = 8 mm and length of the 
measuring base γ = 15 mm, prepared according to standard PN-84/H-04334 and its equivalent, were used in 
static tensile tests as well as low-cycle fatigue tests [13]. Samples made of 1.2344 hot-work tool alloy steel 
underwent thermal treatment: quenching and two-fold tempering. After the thermal treatment, the hardness on 
the surface of all the samples was in the range of 50-50.5 HRC; similar hardness values are used for forging 
tools. For accurate determination and selection of the amplitude of total deformation under the conditions of 
strength tests, static tensile tests were first performed at 20 and 600 °C, corresponding to the conditions of the 
tools’ work. The sample, fixed in the machine holders, was exposed to the action of increasing tensile force 
equaling 0.05 mm / s and loaded in the axial direction until the moment of its permanent separation in the 
measuring part area.  

3.1. Description of the industrial forging process for verification of results 

In order to verify the results, analysis of the durability of the selected forging tool was carried out in the forging 
process performed on a P-1800T press, nominal force 18 MN, in three forging operations: upsetting, roughing 
and finishing forging. The elements were forged from C45 steel. The temperature of the charge material 
equaled 1150 °C. All tools are made from 1.2344 hot-work steel. The research concentrated on the tools 
assigned for the second operation (roughing), which exhibited the lowest durability (about 5400 forgings), and 
a detailed analysis was performed on the stamp of the upper die (Figure 3). 

 
Figure 3 Tool set in 2nd operation of roughing (preliminary forging) 
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Numerical modeling of the second forging operation was also performed to determine characteristic areas on 
the tool and to determine temperature distributions and normal pressures. 

4. RESULTS 

The results of static tensile tests of WCLV (1.2344) steel at three temperatures (T1 = 20 C, T2 = 600 C) are 
presented in Figure 4 in the form of tensile charts in the coordinate system: sample elongation ε - stress σ. 
Stress in the sample during static and fatigue tests was calculated by dividing instant load values registered 
during the tests by the sample's initial cross-sectional area. Basic mechanical properties of the tested steel are 
given in Table 1.  

a) b) 

  
Figure 4 Results of static tests: a) tensile charts, b) initial area of the chart to selection of strain amplitude 

Table 1 Strength parameters of WCLV steel at different temperatures of tensile testing 

Parameter name 
Temperature 

20 C 600 C 

Rm [MPa] 1778 1041 

Rp0,2 [MPa] 1528 913.6 

A12,5 [%] 26.9 23.4 

Z [%] 49.8 52.1 

Ru [MPa] 2513 1137 

E [MPa] 207020 126910 

Cyclic weakening of samples was observed during low-cycle fatigue tests. This manifested as continuous 
reduction of the maximum load on the sample at a constant amplitude of total deformation εac. The testing 
temperature has an effect on the degree of weakening. Figure 5 shows examples of stress σa charts as a 
function of the number of loading cycles at two temperatures (T = 20 C and T = 600 C). Based on comparative 
analysis of the charts presented in Figures 6a and 6b, it can be stated that temperature and deformation level 
have an impact on the degree of change of the analyzed parameter (εa). Stress changes at a single strain level 
increase as temperature and deformation εac increase. 

According to [14], fatigue charts in a bilogarithmic system were approximated using the Manson-Coffin-
Basquin equation [15] in the form of: 

                             (1) 
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where: b - fatigue strength exponent, c - cyclic deformation exponent, εf’ - coefficient of fatigue strength in MPa, 
εf 

’- coefficient of cyclic plastic deformation, E - Young's modulus in MPa. 

Due to the absence of the stabilization period in equation (1), coefficients and exponents were determined for 
hysteresis loop parameters at half of fatigue strength (n / N = 0.5). Fatigue charts obtained as a result of 
approximation of fatigue test results using equation (1), for two temperatures, are shown in Figure 6a. 

 

  
Figure 5 Changes of stress εa as a function of the number of loading cycles: a) T = 20 °C, b) T = 600 °C 

4.1. Verification of the results 

Figure 6 presents results obtained for selected areas in the tool based on determined fatigue strength charts 
(Figure 6a) from the perspective of deformation, distributions of total deformation determined by the FEM 
(Figure 6b) and SEM photographs of selected areas (Figure 6c).  

 
Figure 6 The view of: a) fatigue charts from a deformation perspective, b) results of FEM simulation - 

distributions of total deformation, c) photographs of microstructure in selected areas of a tool after 4000 
forgings: A - 0.005 deformation - visible network of thermomechanical fatigue cracks along with deep cracks, 

B - 0.003 deformation - visible mild crack network of thermal origin 
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Based on the presented charts, it can be stated that the testing temperature significantly affects fatigue 
strength. Its impact depends on the amplitude of total deformation. This impact is low in the area of the greatest 
deformations (εac = 2.0 %) and increases as the deformation level is reduced. The decidedly greater influence 
of elevated temperature on fatigue strength at the lowest levels of deformation can be justified by the 
significantly greater increase of the range of plastic deformation at these levels at a temperature of 600ºC 
compared to the increase of the plastic deformation range at the highest levels (Figure 6a). 

The presented verification tests (Figures 6b and 6c) showed that for the defined operating conditions, defined 
on the basis of both FEM (deformation and temperature distributions) and results of microstructural studies of 
selected areas of the forging tool, the determine low-cycle fatigue curves are reliable. Based on the SEM 
photographs presented in Figure 6c for area A, a "large" network of thermomechanical fatigue cracks is visible 
on the tool's surface, and there are clear, deep and partially curved cracks in the cross-section indicating the 
presence of plastic deformations. In this area, the deformation distribution determining by FEM is at a level of 
0.005, which gives a value of approx. 40002Nf, corresponding to approx. 4000 forgings, on the fatigue curve 
for a temperature of 600 °C. In area B, a characteristic network of cracks typical for thermal (potentially 
thermomechanical) fatigue is visible, and there are no cracks in the cross-section. It should be emphasized 
that slightly higher temperatures and normal pressure values are present in area A (Figure 6) in comparison 
to area B, thus a slightly different proportion of destructive mechanisms is possible. It should also be 
emphasized that it is difficult to distinguish the proportions of individual destructive mechanisms occurring in 
selected areas of a forging tool since the wear process is very complex, as confirmed by numerous studies. 
Nevertheless, the determined fatigue curve (particularly for 600 °C) obtained on the basis of laboratory fatigue 
tests and applied conversion methods have been positively verified on the example of analysis of the selected 
forging tool.  

5. SUMMARY 

This paper presents the results of low-cycle fatigue tests of 1.2344 tool steel, used to make forging tools for 
work at elevated temperatures. Based on analysis of the results of fatigue tests conducted on samples and 
the results of computer simulations, additionally confirmed by studies of microstructure, it was stated that it is 
possible to use the results of experimental tests (material samples) in the process of designing tools used in 
industrial forging processes from the perspective of their durability and resistance to thermal and 
thermomechanical fatigue. The results of low-cycle fatigue tests can also be used for numerical modeling of 
die deformations in order to implement a thermomechanical fatigue model for modeling the wear process of 
forging tools. It seems that conducting further studies concerning fatigue strength for tool steels, particularly 
under different operating conditions determined on the basis of analysis of tool work, is highly justified. It would 
also be valuable to convert the results of fatigue tests and to present and identify the tool areas subjected to 
the greatest mechanical load from a stress perspective σa - Nf.  
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Abstract  

At present, according to the Regional Chamber of Commerce, 1816 companies dealing with metallurgy have 
its headquarters in Czech Republic. Some of them are large employers and industrial leaders. However, this 
increases the number and diversity of their stakeholders. The main objective of this paper is to find out how 
individual metallurgy companies apply the principles of corporate social responsibility, if and how they 
communicate with their stakeholders, and whether they are prepared (at least the biggest) for mandatory 
reporting according to European Union rules. 

Keywords: Corporate social responsibility, stakeholders, reporting, metallurgical enterprise 

1. INTRODUCTION 

The most companies nowadays practice some form of Corporate Social Responsibility (CSR). The goal of the 
paper is to analyse if metallurgical organizations claiming to CSR know and are able to interpret required 
aspects in all three pillars of CSR management system in parallel according to ČSN 01 0391 standard.   

1.1. Corporate Social Responsibility 

Corporate social responsibility (CSR) is voluntary organization's initiative to assess and take responsibility for 
the company's effects on environmental management, economical growth and social progress. The term 
generally applies to efforts that go beyond law requirements with respect to communication with stakeholders. 
The concept of social responsibility of organizations is built on three pillars, which are collectively referred to 
as the triple bottom line (TBL) or if the 3P strategy. They are [1]: 

 Profit / economic region 
 People / social area 
 Planet / environmental area  

The areas represent a threefold overall impact of business on the Planet, People and Profit. That shows that 
it is possible to achieve positive financial results, which lead to a reduced impact on the environment and 
society without dealing additional damage. [2] 

Many organizations are using reporting as part of annual reports to present their responsible activities. 

1.2. Non-financial reporting obligation 

Non-financial reporting is a common standard in communication across major industries and across the world 
and the European context. Its attention is focused on environmental impacts, data on diversity, activities aimed 
to local communities, employees and other stakeholders. Non-financial information is regularly published on 
the internet in the form of CSR and Sustainable Development Reports or included in annual reports. 

In 2014, Directive 2013/34/EU was issued, in which the European Commission aims to achieve a comparable 
level of information provided by businesses in all Member States in the social and environmental fields. [3] At 
present, non-financial reporting obligations affect companies with more than 500 employees who are public 
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interest entities. This obligation is enshrined in the Czech legislation through the amendment to the Accounting 
Act for the year 2017 No. 462/2016 Sb. 

Companies will be required to provide non-financial information to the extent necessary to understand their 
economic development, performance and position and impact of their activities, especially with regard to the 
following areas [4]: 

 Environment 
 Social and employment environment 
 Respect for human rights 
 Combating corruption and bribery 

That structure copies the Corporate Social Responsibility initiatives as written above. Environment includes 
relationship to nature and its protection (Planet), social and employment environment and respect for human 
rights are part of social area (People) and combating corruption and bribery concern the area of company 
economic management (Profit).  

Non-financial reporting is provided to the public on a voluntary basis, as it is considered to be a matter of 
prestige and an opportunity to improve its own market position by gaining certain competitive advantages 
resulting from its corporate policy of openness. Coordination of national legislation on the disclosure of non-
financial information by some large companies is important for the interests of companies, shareholders and 
other stakeholders. [5] Data from reporting can also be used to evaluation of the company effectiveness [6]. It 
can be used also for various types of analysis such as employee performance [7] or as a sustainability 
indicator. [8] 

However, reporting non-financial information is not only part of corporate culture in Europe, it is a common part 
of business life in Asia, for example in India [9] or Malaysia [10].  

2. BACKGROUNDS 

For background analysis data from Czech Statistical Office and Czech Chamber of Commerce were taken.  

There are about 1816 organizations which are producers of metal or metal products according to NACE (C24 
- Manufacture of basic metals) registered in Czech Republic (on April 30, 2017). NACE statistics (C24) show 
a decline of 7 firms compared to last year [2]. Their structure is shown on Figure 1.  

 
Figure 1 Number of metal and metal products producers in Czech Republic according to NACE [2] 

For the purpose of analysing preparedness for non-financial reporting, companies with more 
than 500 employees were selected according to the rules of Directive 2013/34/EU. This criterion was chosen 

838 122
44

48

113 651

24 Manufacture of basic metals
24.1 Manufacture of basic iron and steel and of ferro-alloys
24.2 Manufacture of tubes, pipes, hollow profiles and related fittings, of steel
24.3 Manufacture of other products of first processing of steel
24.4 Manufacture of basic precious and other non-ferrous metals
24.5 Casting of metals
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to be the only one, as in the future the disclosure of non-financial reporting may have to big firms, even though 
they are not public interest entities.  

The analysing sample consist of 11 organisations. More than a third of these companies (36 %) produces 
tubes, pipes, hollow profiles and related fittings, of steel, next are focused on casting of light metals, 
manufacture of basic iron and steel and of ferro-alloys and casting of iron (18 %) and on cold drawing of wire 
and aluminium production (9 %). The production structure of the respondents is illustrated in the table 1. 

Table 1 Analysed Companies according to NACE 

C24.5.3 - Casting of light metals 18 % 

C24.3.4 - Cold drawing of wire 9 % 

C24.1.0 - Manufacture of basic iron and steel and of ferro-alloys 18 % 

C24.4.2 - Aluminium production 9 % 

C24.5.1 - Casting of iron 18 % 

C24.2.0 - Manufacture of tubes, pipes, hollow profiles and related fittings, of steel 27 % 

Based on the analysis it was found that all 11 of them are certified according to ISO 9001, 10 of them according 
to ISO 14001, 5 of them according to OHSAS 18001 and 10 are committed to CSR by certain proclamations 
or are involved in other projects (Safe company, IPPC, Green company, EMAS, etc.). This structure is 
illustrated in Figure 2. No of analysed metallurgical companies is certificated for CSR. 

 

Figure 2 Number of standards types using in metallurgical companies 

It is clear from this finding that certification of management systems according to one of these standards is an 
important element in the strategic management of large metallurgical firms and also a suitable starting point 
for the implementation of CSR elements in any form. 

3. COMPARISON 

In order to compare the strategic direction of individual companies, the methods of questioning, techniques of 
structured interviews with representatives of individual companies were used. The research included open 
questions on established management systems, readiness for non-financial reporting and possible 
considerations about CSR management certification. 
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Implemented systems in individual companies have already been listed above. In the next question, 
respondents expressed their willingness to introduce compulsory non-financial reporting. As illustrated in 
Figure 3, 36 % of the surveyed companies already included the non-financial reporting in the annual reports. 
One organization issues it as a separate CSR report. Two organizations are preparing non-financial reporting 
for the first time this year and two more by the end of 2018. Only two of the analysed companies do not prepare 
to report on any way.  

 

Figure 3 Preparing for non-financial report publishing of metal and metal products producers  

Another strategic aim of the organization is the implementation of the corporate social responsibility 
management system. In this respect, however, none of the organizations surveyed showed interest 
in certifying the system. In this context, the question was also added to the interview about the scope 
of knowledge about the possibilities of CSR certification. More than half of all the organizations surveyed 
mentioned the SA 8000 standard and one company management said that it was dealing with the possibility 
of certification according to ČSN ISO 01 0391. However, this plan was temporarily abandoned due to the lack 
of human resources that would be prepared by the company for certification. 

4. CONCLUSION 

Metallurgy is considered in the public consciousness as an area of heavy industry, which is detrimental to the 
environment and adversely affects its surroundings. Therefore, management can use non-financial reporting 
as one of the tools to communicate to the public. This information makes sense of the logic of things for 
potential investors as well as for the company's own management and strategic development. They are 
increasingly interested in customers as well. This insight can be very useful not only for a handful of large 
companies directly affected by the new obligation, but also for smaller emerging companies who want to 
maintain a human approach to business.  
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Abstract 

Circular Economy is a current priority of the European Commission's economic policy. In production processes, 
also in the metallurgical industry, this involves application of the Best Available Techniques (BAT) and support 
of innovative industrial processes and practices that enable Industrial Symbiosis - waste or by-products from 
one industry become raw material for another, which is particularly important in the case of critical raw 
materials.  

An example of a Metallurgical Industrial Ecosystem is provided by ZGH Bolesław Group, the main producer of 
Zinc and Lead in Europe. The Group consists of ZGH Bolesław S.A. in Bukowno, HCM S.A. in Miasteczko 
Śląskie and Bolesław Recycling S.A. in Bukowno. The aim of the Group is to better utilize raw materials and 
recycle of wastes. Within the ecosystem, the Group uses four technologies that create a closed circuit and that 
are mutually complement. This way, it is possible to use different batch materials. 
The aim of this article is to present environmental benefits of metallurgical ecosystem-based industrial 
cooperation (Industrial Symbiosis). Important environmental aspects were analysed together with overall 
process balance and the effects of the use of individual logistic and technology solutions. 

Keywords: Circular Economy in the Metallurgy, Waste Management, Industrial Symbiosis, Recycling of Zn  
                    waste, Zn-Pb Metallurgy 

1. INTRODUCTION 

The Waste Act applicable in Poland [1] compliant with the requirements of the European Union has imposed 
a new waste management hierarchy: prevention of formation, preparation for reuse, recycling and other 
recovery processes and disposal. Transferring the interest in investments concerning the so-called end-pipe 
devices [2] to the beginning of the processes, i.e. where the source of contamination is a result of first of all: 
increasing costs of obtaining raw materials, second of all - a dynamically increasing amount of stored waste, 
and therefore - the costs of maintaining landfills as well as fees and penalties for interference in the 
environment. Modern technologies for recovery and utilization of waste which turned out to be profitable were 
the last, but not least element of the system which started functioning, bringing benefits not only for the 
environment, but most of all - providing the desired economic effect. Transition to a closed-loop economy and 
at the same time maintenance of the value of resources as long as possible, limiting generation of waste to a 
minimum by their constant use in the raw material base has become a priority [3]. The least desired element 
of functioning of the logistic waste management system is a landfill [4]. Landfills constitute a serious threat to 
their surroundings, even if they are correctly located and maintained; they take up a large area and they are 
never hermetic, creating particular threats for soil and ground water.  

Closing loops is the only way to transform an economy into an economy compliant with the sustainable 
development principles [5], as only thanks to sustainable production it is simultaneously possible to i.a. 
significantly reduce the costs, gain a clean environment and competitive advantage. Rules of industrial activity 
control through the prism of the principle of sustainable management of natural resources were established, 
i.e. an economy which „ensures fulfilment of the needs of the current generations, without eliminating the 
possibility to fulfil the needs of the coming generations“ [5].  
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The prohibition to store all waste which can be recycled will apply from 2025, and from 2030 - waste storage 
will be eliminated. To manage the stream of currently unused waste legal and administrative mechanisms as 
well as logistic and educational tools have been activated, but most of all, new and efficient technologies are 
being created so that by 2030 it is possible to fulfil the required limits.  

The functioning logistic systems require development most of all concerning their adjustment to changes in 
the environment, which is mainly related to modernization of technology, hermitization of processes and 
improvement of their effectiveness [3], but also with education, internal communication and the new approach 
to personnel management. The metallurgical industry is facing the same challenge. Depleting natural 
resources, including zinc and lead resources, resulted in the necessity to change the manner of obtaining raw 
materials, and in production they caused transformations of enterprises which were supposed to allow them 
to stay on the market. Cooperation is one of the forms [6] which turned out to be very beneficial for many 
enterprises. It involves task coordination and as voluntary understanding between at least two organizations, 
it allows to strengthen common competitive advantages through co-financing. This is possible thanks to 
synergy effects obtained through cooperation. Ecologistic cooperation (industrial symbiosis, industrial 
ecosystem) is a form of cooperation which allows to achieve special benefits at numerous levels of protection 
of natural environment, but also: economic, business, social and logistic benefits, and it has a significant impact 
on the increase in energy safety.  

1.1. Industrial symbiosis 

Industrial symbiosis involves such cooperation of enterprises (according to M.R. Chetrow - Journal of Industrial 
Ecology, 2007 - of at least three) which aims at exchanging surplus of materials and energy, mainly to reduce 
the costs of functioning [7]. All industrial symbioses are „teams of enterprises the main purpose of which is 
better use of raw materials mainly by improving functioning of the waste management system“ [8]. 

 
Figure 1 Example of industrial symbiosis [9] 

Commencing cooperation within industrial symbiosis is possible thanks to fulfilment of the following conditions: 
enterprises should be diverse, but complementary, transactions undertaken between enterprises within 
cooperation must always be profitable, all actions undertaken within symbiosis must result from needs and the 
good will of the participants and they cannot be imposed by external bodies, undertaken actions should be 
implemented in cooperation with control and supervision institutions, symbiosis network should be designed 
in such a way to minimize the costs of transport and transmission between the participants  
(Figure 1).  
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2. GROUP OF ZGH “BOLESŁAW” S.A. AS AN EXAMPLE OF SYMBIOSIS 

Starting from 2012, Zakłady Górniczo-Hutnicze Bolesław S.A. (Mining and Metallurgy Plants) belong to the 
Capital Group Stalprodukt S.A. [10]. The Group also consists of: Spółka Bolesław Recycling S.A. in Bukowno, 
Huta Cynku Miasteczko Śląskie (Zinc smelter), as well as BOLTECH (involved in production of Dolomite 
aggregates, elastomer products and zinc products, transport services on the national and international market, 
as well as services within the energy sector), Gradir Montenegro d.o.o. (extraction of ores and their processing 
into concentrates) as well as Agencja Ochrony Osób i Mienia KARO Sp. z o.o. (Agency for the Protection of 
People and Property). Together they constitute a synergic system, and operating in the social and natural 
environment area, investing in reduction of the negative impact on the natural ecosystem mainly through 
liquidation of post-flotation waste, they create an industrial ecosystem [8]. The company, manufacturing 154 
thousand Mg of the highest quality Zn annually and as the main manufacturer of Zn in Central Europe, provides 
products to the following Member States: Austria, Hungary, Czech or Slovakia (data from 2014: 65 % of 
European production and 1.2 % of global production concerning Zn) [11].  

The raw material for production at ZGH Bolesław comes from their own mine extraction and recycling. The 
product is high quality Zinc electrolyte as well as Zinc alloys, such as Carbon alloy and alloys for continuous 
ZZA zinc coating and casting alloys, sulfuric acid and Zn-Pb concentrates. Global production of Zinc reaches 
approx. 12 million Mg annually. Zinc is used among others in galvanization processes, to manufacture vehicle 
tyres, paints, varnishes, brass. Currently, approx. 30 % of European annual demand for Zinc is supplied thanks 
to recycled raw materials and they are: galvanizing waste, elements of thin metal sheets (e.g. old roofing), 
elements of scrapped vehicles, dust from production of copper alloys [11].  

Within the capital group the company uses four technologies which supply one another, creating a closed loop: 
production of Zinc using the hydrometallurgical method with fire recycling of residue after leaching, production 
of Zinc and Lead in a shaft furnace (ISF) - technology allows processing various types of zinciferous waste, 
Waelz's transient process, floatation. Various types of materials, such as sulphides, oxides or scrap, are used 
as charge.  

Waste generated in technological processes is further processed after prior [12]: return to the process or to 
operations preceding the process, transfer to processing behind the process to recover other metals or for 
disposal, involving neutralization of harmful substances.  

Functioning in the synergic system translates into specific benefits for the Group [13]: limited consumption of 
primary raw materials, reduction of land used for storage, decrease and even elimination of the costs of waste 
storage, achieving economic benefits by using their own waste materials (use of their own waste materials 
leads to significant savings in energy, but the benefits are much broader: savings in natural raw materials, 
reduction of CO2 and SO2 emissions, reduction of landfills, constituting a secondary threat for the environment 
[13]).  

3. RAW MATERIAL, TECHNOLOGY, RECOVERY - CIRCULAR ECONOMY 

Explored Zn-Pb ore deposits (3 % Zn and 1 % Pb) from the Pomorzany mine allowed to obtain raw material 
at 2.4 million Mg annually, but they are nearly depleted (planned closing of the mine in 2020 only thanks to 
expansion of the “Klucze I“ mining area with a beyond-fault part [15]). Soon it will be supplied with Ore deposits 
from the Gradir Montenegro mine (Montenegro) purchased by the Group in 2010, estimated for several years 
of operation.  

Another source of raw materials is post-floatation waste (content of Zn 1.5 % and Pb 0.5 %). During 50 years 
of exploitation 100 million Mg of waste located in three regions: Bytom, Bolesław-Olkusz and Chrzanów were 
accumulated. Their secondary processing will extend the raw material safety of the Group by several more 
years. On one hand, recycling became a legal requirement, but most of all an effect of economic account as it 
offers a significantly cheaper raw material than the one that needs to be obtained from natural deposits. For 
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another 15 years, raw materials will constitute approx. 15 % of the charge for Zinc production [15, 20]. Zn is 
also recycled from steel dust. Dust processing is profitable with Zn mass content higher than 20 %, therefore 
it concerns dust from electric steel-melting shops when the Zn level may reach a mass of up to 25 %. Nearly 
all metallurgic processes generate dust, but their recycling is not always possible due to various technological 
requirements [11]. Steel dust is very diverse morphologically and mineralogically. Zinc in dust occurs mostly 
in the form of franklinit ZnO·Fe2O3, ZnO, as well as in small amounts in magnetite (1-4 % mass). Dust is a very 
valuable raw material with a high content of numerous elements, but the high content of elements makes it 
very hazardous waste. Heavy metals present in dust, such as Cd, Pb, Cr, Hg and many others, are extremely 
toxic for living organisms and they require proper management [14].  

Searching for the most profitable technologies to obtain and process raw materials is an ongoing process; so 
are works on possibilities to introduce new solutions, in particular non-waste technologies. Zinc manufacturers 
throughout the world have been adding 10 % of recycled zinc to their charge for many years. ZGH Bolesław, 
as a pioneer, will replace half of the charge in the electrolysis process with a recycled material; it is only a 
matter of developing technology which already allows using 35 % of charge in the form of recycled material. 
In the first half of 2019 construction of a hall with tanks will be completed which w ill allow production of Zn by 
the electrolytic method using oxides recycled from steel dust in the amount of 50% as well as sulphide 
concentrates from secondary processing of post-floatation waste in charges. This investment will allow greater 
flexibility in management of supplies from various sources, it will reduce production costs by 5 %, energy 
consumption by 1.5 %, and it will increase yield from production by 25 % [15]. HC Miasteczko Śląskie, which 
bases on supplies of concentrates only from external sources, will be able to relax after a significant deficiency 
of concentrates on the market in 2016 - approx. 800 thousand Mg.  

From the perspective of recycling processes, for ZGH Bolesław recovery processes conducted at Bolesław 
Recycling are most important. The method to recover Zn and Pb used there - Waelz's transient process [9, 
14] is a technology included among the best available techniques (BAT) [12] to process Zn-Pb ores. The 
charge required in the process is dust with minimum Zn mass concentration of 18 %. The mixture of such 
clumped dust, coke dust and fluxes is charged into the rotary kiln where at approx. 900ºC reduction of metal 
oxides takes place. Metallic Zn and Pb occur, which evaporate, oxidize, and become gas, and in the gas 
purification system they are separated. Raw dust is obtained which before purification contains approx. 55-58 
% of Zn mass. Then, the dust is subjected to two-step leaching during which chlorides and fluorides are 
removed. The obtained solution is subjected to electrolytic zinc production process. After the reduction 
process, slag with very low content of heavy metals and low elasticity is obtained, and therefore it can be used 
e.g. for road construction.  

ZGH has all the technical and organizational possibilities to conduct their activities and therefore they 
implement four recovery processes [16]: recovery of Zn in the form of a concentrate of waste zinciferous 
materials (transition process), recovery of granulated slag from transition furnaces and making certified road 
aggregate from it, recovery of wooden packaging (used pallets) through manual disassembly (disassembly 
into wood and metal parts) and therefore obtaining wood for rotary kiln firing, recovery of wood from pallets as 
fuel to produce energy for rotary kiln firing. 

The plant is permitted to recover their own waste as well as waste from other waste owners from the group - 
both hazardous as well as other than hazardous. Possession of an integrated permit by the plant [16] means 
conducting activities in such a way protect the environment mainly from the potential, harmful impact of 
generated waste in all aspects.  

4. SELECTED ENVIRONMENTAL ASPECTS AND THEIR COMPARISON IN 1981-82 AND 2013-14 

The mission of Bolesław Recycling, and therefore of the entire Group ZGH Bolesław, is to provide high quality 
services to customers, at the same time ensuring the smallest negative impact on the environment [17]. 
Simultaneously, the purpose of each production enterprise is profit (Table 1). Improvement of technological 
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processes and constant improvement of the Management System based on i.a. ISO 14001 resulted in specific 
effects concerning quality of the natural environment (Table 2). Environmental aspects were selected which 
have the greatest impact on the quality of air and soil in the region of functioning of the synergy, and related 
to mining and industrial activities in theF area: emission of gas and dust into the air, fugitive emissions and 
potential emergency situations and hazards related to e.g. unsealing of the installation and dust hazard or 
chemical factors, such as Pb, Cd and Zn [17].  

Table 1 Cost and benefit account of utilization technology of waste containing Zn [own, based on 14]. 

Technology Transportation costs 
[PLN/Mg]* 

Total costs 

[PLN for Mg]* 
Product value 

[PLN/Mg]* 
Profit from sales 

[PLN/Mg]* 

Waelz’s process 60-200 1000-1500 

Slag 20-60 

FeO 160-200 

ZnO from Pb 1.200 
Average 328 

600-800 

Hydrometallurgical 
processes 60-200 2000-2800 

Zn metal 4000 

Fe metal 400 
Average 1908 

approx.600 

Glazing 60-200 2000 Aggregate 8-24 - 

Removal, disposal, 
storage 60-200 80-280 

Ceramic materials 

700-2600 
320-800 

*Assumed average exchange rate $1=4 PLN 

The Voivodeship Inspectorate of the Environment in Cracow (Ekoinfonet base) stated that in the case of 
Bukowno, most contaminants come from industrial plants, most of all ZGH „Bolesław“. From the data of the 
Central Statistical Office of Poland [18 after: Central Statistical Office of Poland „Environmental Protection“ 
2014] it can be concluded that in the analysed region most contaminants from the atmosphere are emitted by 
the Bukowno Municipality (in 2013 emission was 124.2 thousand Mg: 122.6 thousand Mg of CO2, 0.4 thousand 
Mg of SO2, 0.1 thousand Mg of NOx).  

Table 2 Comparison of soil pollution level in the region of Bukowno in 1981-82 and in 2013-14 [21, 18]. 

 Content in a 
median sample 

based on 5 
samples [mg/kg] 

1981-82 

Content in a 
median sample 

based on 36 
samples [mg/kg] 

2013-14 

Limit values in the layer 0-30 cm in the particular group of land 
types according to the Regulation of the Minister of Environment 

[mg/kg] 

A - protected 
land 

B - agricultural, 
forestry, urbanized land 

C - industrial and 
communication areas 

Zn 6 823.6 1 164.86 100 300 1.000 

Pb 511 234.19 50 100 600 

Cd 42.2 10.34 1 4 15 

Determining the improvement of the land condition based on the content of accumulated elements is very 
difficult. Certainly, it requires more accurate studies and consideration of numerous factors which impact the 
level of elements in soil. Comparison of samples made in 1981-82 and 2013-14 allows to state that over the 
30-year period the levels of Zn, Pb and Cd decreased in soil in the region and area of Bukowno: Zn - nearly 
six-fold, Pb - more than two-fold and Cd - four-fold.  
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5. CONCLUSION 

The Bukowno Municipality is situated in the area which is most degraded in the Małopolskie Voivodeship 
concerning air quality. Analysing changes and investments which took place in recent years at ZGH Bolesław, 
it was assumed that their impact should be clearly visible in the improvement of soil quality in the analysed 
region. The comparison involved the results of analyses from 1981-82 and 2013-14 and it was stated that over 
the 30 year period the levels of Zn, Pb and Cd decreased in soil in the region and area of Bukowno: Zn - nearly 
six-fold, Pb - more than two-fold and Cd - four-fold, which indicates clear improvement and confirms good 
direction of activities undertaken by ZGH „Bolesław“. Elimination of post-floatation waste deposited in 
sedimentary ponds will significantly contribute to further improvement of the condition of the environment in 
the region of ZGH Group operations. ZGH „Bolesław“ participates in numerous research projects and 
ecological initiatives. Further direction of development in the system of symbiosis cooperating for ecology will 
be a subject of author’s further analyses and studies.  

ACKNOWLEDGEMENTS   

I would like to thank Mr Bogusław Ochab, CEO for allowing me to use materials from ZGH „Bolesław” 
and Mr Lubomir Czerniak, COO for all the support and committed time.  

REFERENCES 
[1] Ustawa z dnia 14 grudnia 2012 r. o odpadach Available from: 

http://isap.sejm.gov.pl/DetailsServlet?id=WDU20130000021 (1. 4. 2017) 

[2] Rocznik statystyczny przemysłu 2014, s. 448 Available from: http://rocznik_statystyczny_przemysłu.pdf  (1. 4. 
2017) 

[3] Komunikat Komisji do Parlamentu Europejskiego, Rady, Europejskiego Komitetu Ekonomiczno-społecznego 
i Komitetu Regionów: Zamknięcie obiegu - plan działania UE dotyczący gospodarki o obiegu zamkniętym, 
Bruksela, 2015, Available from: https://ec.europa.eu/transparency/regdoc/rep/1/2015/PL/1-2015-614-PL-F1-
1.PDF (1. 4. 2017) 

[4] Rozporządzenie Ministra Środowiska z dn. 24 marca 2003 r., w sprawie szczegółowych wymagań dot. lokalizacji, 
budowy, eksploatacji i zamknięcia, jakim powinny odpowiadać poszczególne typy składowisk odpadów, Available 
from: http://isap.sejm.gov.pl/DetailsServlet?id=WDU20030610549 (1. 4. 2017) 

[5] Dokument roboczy w sprawie przygotowań do szczytu Rio+20, Available from: 
http://www.europarl.europa.eu/meetdocs/2009_2014/documents/envi/dt/893/893910/893910pl.pdf (20. 3. 3017) 

[6] Kooperacja, Available from: http://sjp.pwn.pl/sjp/kooperacja;2473792.html (1. 4. 2017) 
[7] DONIEC, A. (red.) Symbiozy i parki przemysłowe, Wolters Kluwer Polska Sp. z o.o., Warszawa, 2011, p. 14. 
[8] Materiały konferencyjne projektu - Opolska strefa zeroemisyjna - model synergii przedsiębiorstw (POKL.08.02.01-

16-032/11). Projekt finansowany przez UE w ramach Europejskiego Funduszu Społecznego. Prezentacja: Modele 
stref przemysłowych i mieszkalnych (http://icimb.pl/opole/osz/320). 

[9] ULEWICZ, M., SIWKA J. Procesy odzysku i recyklinguwybranych meteriałów. Wyd. Wydziału Inż. Procesowej, 
Materiałowej i Fizyki Stosowanej, Politechniki Częstochowskiej, Częstochowa 2010, pp. 30, 262-264. 

[10] Company preyentation, Available from http://zghboleslaw.org/pl/zgh/o-firmie (20. 3. 2017) 
[11] BŁACHOWICZ, K. Receptura na cynk. Recykling, 2016, vol. 1, p. 46. 

[12] Komisja Europejska - Zintegrowane Zapobieganie i Ograniczanie Zanieczyszczeń (IPPC) - Dokument 
Referencyjny BAT dla najlepszych dostępnych technik w produkcji metali nieżelaznych - Grudzień 2001, pp. 418-
435 (https://ippc.mos.gov.pl/ippc/custom/BAT_met_niez.pdf ). 

[13] MAJ, M., KALANDYK, B., ZAPAŁA R. Modern recycling methods in metallurgical industry.  Archives of Foundry 
Engineering, 2010, vol. 10, pp. 104-105. 

[14] MRÓZ, J. Recykling i utylizacja materiałów odpadowych w agregatach metalurgicznych. Wyd. Politechniki 
Częstochowskiej, 2006, pp. 93-97. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2163 

[15] Duże zmiany i inwestycje w ZGH “Bolesław” Available from: http://hutnictwo.wnp.pl/duze-zmiany-i-inwestycje-w-
zgh-boleslaw,284438_1_0_0.html  (28. 10. 2016) 

[16] Decyzja zmiany pozwolenia zintegrowanego dla Bolesław Recycling w Bukownie, Cracow 27 grudnia 2012 r. 
[17] Polityka jakościowa i środowiskowa Bolesław Recycling Sp. z. o.o., ZGH Bolesław 21.05.2014. 

[18] OSTROWIAK, S., ROZENAU-RYBOWICZ, A., WĘSIORA , M. Prognoza oddziaływania na środowiskodo studium 
uwarunkowań i kierunkow zagospodarowania przestrzennego Miasta Bukowno,Wykonawca: TERRA, Cracow, 
czerwiec 2016, pp. 37-39. 

[19] Rejestr aspektów środowiskowych w obszarze (BR), ZGH Bolesław, 20.11.2014. 

[20] ŚMIESZEK, Z.,CICHY, K., WIENIEWSKI, A., OCHAB, B., REGUŁA, C. Odpady flotacyjne jako potencjalne źródło 
zasobów surowcowych na przykładzie rud Zn-Pb, Instytut Metali Nieżelaznych, Gliwice, Październik 2011 
(https://www.min-pan.Cracow.pl/pliki/konferencje/pbs2011/prezentacje/Smieszek.pdf ). 

[21] Slawkow, Available from: http://www.mapgeochem.pgi.gov.pl/slawkow/texts/print_en.pdf  (1.4.2017) 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2164 

PROCESS CAPACITY INDEXES IN THE PRODUCTION OF RIBBED BARS 

INGALDI Manuela 

Czestochowa University of Technology, Faculty of Management, Department of Production Engineering and 
Safety, Czestochowa, Poland, EU, manuela@gazeta.pl  

Abstract 

Process capability indexes can be defined as statistical measures of process capability: the ability of a process 
to produce output within specification limits. It is important especially in case of ribbed bars where all 
characteristics should be kept. Ribbed bars are used in reinforced concrete structures and provide a better 
grip of the reinforcement to the concrete due to their shapes and the same time bigger contact surface. 
Recipients of ribbed bars demand that they have high strength and toughness, corrosion resistance, good 
weldability and high fatigue resistance. The process capacity indexes can be used for evaluation of 
repeatability of different characteristics. Cp index determines the ability of the process to manufacture products 
with constant properties, while Cpk index includes both natural variability of characteristic and the position of 
the average value in relation to the tolerance limits. In the paper Cp and Cpk indexes were calculated for the 
mass of 1 m of the ribbed bars with a diameter of 10, 16 and 25 mm made of steel BSt500S. 

Keywords: Ribbed bars, capacity, Cp/Cpk 

1. INTRODUCTION 

Together with the emerging investment and building highways, modern building shows huge demand for, 
among other things, ribbed bars for concrete reinforcement. Constructions of the concrete, which is connected 
with them, allow for significant savings in steel, aggregates, cement, wood and shorten construction time. The 
ribbed bars in reinforced concrete structures provide a better grip concrete reinforcement due to special shape, 
in which on a round core humps (ribs) are placed. Recipients of the ribbed bars demand that they have high 
strength and toughness, corrosion resistance, good weldability and high fatigue resistance. These properties 
decide whether the products are considered to be of good quality, and same time, find buyers in the market. 
These features must characterize by low variability [1-4]. 

To evaluate process capacity for the manufacture of products with constant parameters, the process capacity 
indexes are used. Cp index determines the ability of the process to manufacture products with constant 
properties, while Cpk index includes both natural variability of feature and the position of the average value in 
relation to the tolerance limits. 

The aim of this paper is to evaluate a capacity of production process of the ribbed bars. In the paper Cp and 
Cpk indexes were calculated for the mass of 1 m of the ribbed bars with a diameter of 10, 16 and 25 mm made 
of steel BSt500S. 

2. MATERIAL 

Process capacity is a measure of the producer capability to produce a product which meet a tolerance. It 
compares the tolerance rage to the producer distribution width. The process capacity consists of two indexes. 
The first index of process capacity, in literature denoted as Cp, expresses the quality of the process, taking 
into account its control. It allows to determine the process capacity to manufacture products with constant 
properties. The Cp index determines how many times the range of natural variability of the features goes into 
its tolerance. It is calculated from the formula [5]: 
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                                                                          (1) 

where: GLT - the upper limit of the tolerance of the feature; DLT - the lower limit of the tolerance of the feature; 
T - the tolerance; s - standard deviation. 

In this case, the formula considers the quantity of variation given by standard deviation and an acceptable gap 
allowed by specified limits despite the mean.  

A value of Cp index below 1 means that the process variability is outside the range of specification. This means 
that the process is not capable of producing within specification and it must be improved. Many different types 
of industries require the Cp index of 1.33 or 1.44, sometimes more so that there is a small allowance for the 
mean to shift before some products go out of the tolerance. 

The Cpk index has a corrected form of the Cp index. It consists of a sample in which the differences in the 
data within a subgroup are minimized and the differences between groups are maximized. This allows a clearer 
identification of how the process parameters change along a time continuum. It is calculated from the formula 
[5]: 

s
xGLTc pk 3


  if DLTxxGLT         or        

s
DLTxc pk 3


  if DLTxxGLT             (2, 3) 

where: GLT, DLT, s - as before; x  - average of the sample. 

Although a satisfactory Cp shows that the producer is capable to meet the tolerance, it does not show whether 
the product actually does it. The Cpk index takes the centering into account. A perfectly centered process will 
have Cp = Cpk. If Cp ≠ Cpk, it means that there is a constant factor in the process which causes that the 
average value of the research feature differs from the nominal value (lack of centering). 

The Cpk index can be used when there is only one limit of the tolerance of the characteristic (upper or lower). 
While is such situation the Cp index can't be used Cp [6-9]. 

3. RESEARCH MATERIAL 

The research rolling mill offers to its customers a wide range of the ribbed bars. In the paper results for the 
ribbed bars with a diameter of 10, 16 and 25 mm made of steel BSt500S were presented. The customer in his 
order should specify the exact dimensions, tolerance, steel grades, quantities and conditions of supply and all 
standards related with it, types of quality certification documents. The ribbed bars, like other metallurgical 
products, must meet the relevant standards requirements and those specified by customers in their orders. 
Major requirements for the ribbed bars made of steel BSt500S are included in the standard DIN 488. In Table 1 
mass characteristics of the research bars was presented while in Table 2 their basic parameters. 

Table1 The nominal mass of 1 m and acceptable deviation from the mass of 1 m [10] 

The nominal diameter, mm Mass of 1 m, kg Acceptable deviation from the mass, kg 

the lower limit the upper limit 

10 0.617 0.586 0.648 

16 1.580 1.501 1.659 

25 3.850 3.695 4.004 
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Table 2 Basic parameters of the offered ribbed bars [10] 

The nominal diameter of 
the ribbed bar, mm 

Nominal cross-sectional area of the bar, 
mm2 

Density, kg/dm3 

10 78.5 

7.85 16 201 

25 491 

The surface of the bars should be free from cracks, blistering and abrasions. At the front of the bars, residues 
of the cavity, dissections and cracks visible to the naked eye are unacceptable. Surface defects such as 
scratches, minor scales and flattening, non-metallic inclusions, pitting, bulges, dents, scales, mill scale are 
acceptable, if they do not exceed 0.5 mm for the ribbed bars with a nominal diameter up to 25 mm and 0.7 mm 
for the bars of larger diameter [11-12]. 

According to the steel grade, the ribbed bars are characterized by the appropriate ribbing which depends on 
the steel used to their production. In Figure 1 basic geometry of the ribbed bars made of steel BSt500S was 
presented. In Table 3 the chemical composition of the steel grade BSt500S according to the appropriate 
standard was presented. 

 

Figure 1 The geometry of the ribbed bars made of steel BSt500S [13] 

Table 3 The chemical composition of the steel grade BSt500S, % mas. [14] 

Steel 
grade 

C Mn Si P S Cr Ni Cu N2 Ceq 

BSt500S 0.14 

0.18 

0.65 

0.80 

0.15 

0.30 

max 

0.040 

max 

0.040 

max 

0.25 

max 

0.25 

max 

0.35 

max 

0.012 

max 

0.50 

The coefficient Ceq is called the carbon equivalent. It characterizes the usefulness of welding steel due to its 
chemical composition. The coefficient is determined by the following formula [15]: 

15
%%

5
%%%

6
%% NiCuMoVCrMnCCeq





                                    (4) 

The ribbed bars must have appropriate mechanical and technological properties, which are also described in 
relevant standards. In Table 4 minimum and maximum values of basic mechanical properties for the bars 
made of steel BSt500S are presented. Other important mechanical properties of ribbed bars is bending test. 

Table 4 Mechanical properties ribbed bars made of steel BSt500S [13] 

 Value BSt500S 

Tensile strength - Rm, MPa 
minimum 550 

maximum - 

Yield strengthi - Re, MPa minimum 500 

Relative elongation - A5, % minimum - 

Relative elongation - A10, % minimum 12 
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Ribbed bars are delivered with a fabrication lengths of 6 ÷ 12 m or specified in the order of up to 12 m with a 
permissible deviation of ± 100 mm, in approximate bundles 1.5 Mg - 4.5 Mg. It is permissible to supply 6% of 
the ordered mass of ribbed bars of lengths smaller or larger but not less than 6 m unless otherwise agreed in 
the order. The bars with a length of more than 12 m or less than 6 m can only be supplied upon request to the 
purchaser [10]. 

4. RESULTS 

In the paper Cp and Cpk indexes were calculated for the mass of 1 m of the ribbed bars with a diameter of 10, 
16 and 25 mm made of steel BSt500S in three consecutive years. In Figures 2 - 4 measurements distributions 
relative to tolerance limits and the values of Cp and Cpk indexes during the research period were presented. 

 
Figure 2 Process capacity indexes base on the mass of 1 mb ribbed bars with a diameter 10 mm made of 

steel BSt500S [own study] 

During all research period lack of process capacity was noticed. Only in the first year the Cp index exceeded 
1, but its value was below 1.44. In this case process variability was smaller than tolerance, but, because the 
process variability moved in relation to the tolerance (to the upper limit of the tolerance), there was no process 
capacity neither. 

During the second and third research year, already Cp index showed lack of process capacity because process 
variation was bigger than tolerance (Cp < 1). Additionally, like during first year, there was huge movement of 
the process variation in a direction of the upper limit of the tolerance. 

 
Figure 3 Process capacity indexes base on the mass of 1 mb ribbed bars with a diameter 16 mm made of 

steel BSt500S [own study] 
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In case of the ribbed bars with a diameter 16 mm, different situation than in previous example was observed. 
All average values for the individual years were lower than nominal values. In the last year the situation was 
better if it comes to the average. But due to the fact that Cp index was lower than 1, there was lack of process 
capacity. In first and second year Cp index was above 1 but it was not high enough, and the movement of 
average value in relation to the nominal value caused that also in these two years lack of process capacity 
was noticed. 

 
Figure 4 Process capacity indexes base on the mass of 1 mb ribbed bars with a diameter 25 mm made of 

steel BSt500S [own study] 

Also in case of the ribbed bars with a diameter 25 mm there was lack of process capacity noticed. The average 
values were moved in relation to the nominal value (in the third year not too much). For the first research year 
process variability was minimal smaller than tolerance, during other two year bigger. What means problem 
with process capacity. 

5. CONCLUSION 

In the paper the results of process capacity research for the ribbed bars made of steel BSt500S were 
presented. In the research, the mass of 1 m of the ribbed bars with a diameter of 10, 16 and 25 mm was 
chosen. It turned out that in all cases there was lack of process capacity. It means that individual products 
differ from each other, that hence the standard deviation was high. So the research rolling mill was not able to 
produce product with completely constant parameters. What's more, the process variability in case of mass of 
1 m moved in relation to the tolerance, what means that mass of some ribbed bars may not meet requirements 
(be outside the tolerance). Further research on the causes of such a situation and their elimination should be 
carried out. Since such a situation may cause that the research ribbed bars will not meet the customers' 
requirements. 

To underline, the Cp and Cpk are well known capability indexes commonly used to ensure that a process 
spread is as small as possible compared to the tolerance interval (Cp), or that it stays well within specifications 
(Cpk). 
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Abstract  

Metallurgical and foundry enterprises in the long term a shortage of qualified graduates of metallurgical 
specialties. The lack of trained human resources leads to a reduction in the competitiveness of Czech 
companies, therefore, pay great attention to vocational education. The authors of the article point to the fact 
that vocational education and training programmes it is desirable to revise and link with the current operational 
needs of metallurgical enterprises. In the article are being sought and proposed options for the implementation 
of the requirements of employers metallurgical companies into the content of educational programs. Among 
the graduates of metallurgical specialties, should ensure the required professional competencies enabling a 
smooth transition to performance of the specific job positions in the metallurgy. 

Keywords: National system of qualifications, job positions, initial vocational education, metallurgical branch,  
        professional competencies 

1. INTRODUCTION 

The article focuses on the design of a system which should provide a platform for the creation, transmission 
and dissemination of information and requirements to change the content of education in metallurgical branch 
according to current practice needs. It also deals with the definition of user groups and individual process 
steps. 

In the Czech Republic, the alignment of educational offers with the needs of metallurgical enterprises and the 
labor market as a whole is an area which has only started to gain attention over the last few years when deeper 
deficiencies in the number of graduates their readiness for the execution of metallurgical professions. No one 
can replace experienced metallurgists who retire. Metallurgical enterprises see the cause mainly in the 
abolition of a number of secondary vocational schools, which were often enterprise vocational schools. 
Company management directly communicated with school management and immediately transferred their 
requirements to the content of vocational education, and enabled schools to carry out training in specialized 
student workplaces in their companies under the guidance of practitioners. This ensured links between 
education and practice as well as the transfer of technical and technology development to the content of 
education. Education played an important role in the past and this is commonly known. The difference as 
compared to modern society is in knowledge application. As Veselý [1] points out, nowadays knowledge goes 
hand in hand with its application. 

2. INFORMATION TOOLS FOR EDUCATIONAL SYSTEM IN METALLURGICAL BRANCHES 

Metallurgical enterprises have long been interested in preparing the current generation for future occupations. 
They demand that the adaptation of the educational offer and content is a response of individual education 
providers to relevant information on the qualification needs of individual metallurgical enterprises. In industrial 
reality, it is desirable that an employee has or should have required competences - powers or authorizations, 
figuratively ability, capability, qualification, dexterity and skillfulness. Competence is the notion related to work, 
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it refers to the work field for which a given individual is qualified. People qualified for given work are those who 
fulfill expectations related to the performance [2]. 

When adopting corporate human resource strategy, it is always necessary to keep in mind a plan for HR and 
their reserve preparation. Seeking of strategic benefits is a continuous activity and in achieving excellent 
results in the long term, we have to work with corporate human resources on a continuous and systematic 
base [3]. The basic prerequisite for the development of every metallurgical enterprise includes high-quality 
personnel resources and their knowledge and skills corresponding to the level of education. The technology 
of metallurgical production is changing, which in turn requires a rapid response of school and education 
systems to cover the respective needs.  

In order for the educational system in metallurgy branches to respond to the requirements of metallurgy 
companies, it is necessary to have adequate sources of information about the changes in education content 
virtually on-line. For this purpose, it is necessary to look for such sources where this information can be 
obtained. The reason is to recognize and communicate in time the information about what and how many 
workers, what qualification and what competency will be needed not only by metallurgy companies but also by 
the entire labor market.     

Information tools (see Table 1): 

 National System of Occupations 
 National System of Qualifications 
 Framework Educational Programs 

Table 1 Scheme of system information tools 

Step 1 Step 2 Step 3 

National System of Occupations National System of Qualifications Framework Educational Programs 

NSO NSQ FEPs 

The National System of Occupations (NSO) [4] is a standardized and current description of the world of labor, 
created by employers' representatives. The nature of the influence of the NSO lies in the fact that professional 
qualifications in the NSQ are defined as the ability to perform units of the NSO (occupations, type positions); 
it describes what is needed for the performance of occupations or their parts, i.e. partial working activities. 
According to these units of work, therefore, professional qualifications and their qualification standards are 
directly defined and created. 

The National System of Qualifications (NSQ) [5] is a publicly accessible register of all complete professional 
qualifications certified, distinguished and recognized in the territory of the Czech Republic. It defines the 
requirements for the professional competence of individual qualifications regardless of how they are obtained. 
It describes what is needed for the performance of occupations or their parts, i.e. partial working activities.  

Framework Educational Programs (FEPs) [6] set generally binding educational requirements for each degree 
and education area, which are applicable to all schools that have to respect them when developing their School 
Educational Programs (SEPs). Curriculum documents are now prepared at two levels: 

 State - in the form of Framework Educational Programs (FEPs) 
 School - in the form of School Educational Programs (SEPs) 

FEPs are mainly designed in a way which does not allow vocational trainings to focus directly on the field, i.e. 
on one profession; conversely, the focus is on a whole group of related professions. This causes a contradiction 
in the demands of employers and the labor market. Employers mostly prefer the professional knowledge of a 
particular profession while the labor market emphasizes general and transferable competencies, i.e. demands 
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for wider applicability due to labor market changes that require a more general framework. Within the creation 
of FEPs and subsequently SEPs, it is necessary to look for a compromise. 

In order to harmonize and reflect the actual requirements for the performance of individual occupations in the 
labor market at all levels of education, many enterprises, unions, clusters and technical schools have been 
involved in the implementation of the public contract “National System of Occupations” and the “National 
System of Qualifications”. 

The basic processors of this information are the Sector Councils [7] (SCs). They are voluntary professional 
associations, composed of representatives of major employers, professional unions and noted experts on 
human resources in the given line of business. 
Experts involved in the work of Sector Councils have the best information about the development in individual 
fields because they monitor the labor market and identify trends, exchange information on the needs of sectors 
in human resource development, design a qualification structure and create rating standards for individual 
qualifications. Sectoral Councils conclude sectoral agreements.  

It is required that these activities include greater efforts for closer cooperation with educational institutions, 
continuous exchange of information and requirements for the training and its content, active involvement and 
cooperation in the occupational offer of regional vocational education, and efforts to support the development 
of those vocational schools whose graduates are required by the labor market. Through the NSO, the Sector 
Council of metallurgy, foundry and forging sets occupations/professions demanded by the metallurgical 
enterprises; through the NSQ, it specifies the required metallurgical qualifications and educational institutions 
preparing the students of metallurgical disciplines so that they can systematically assume these requirements 
and integrate them into School Educational Programs or Framework Educational Programs. 

3. THE SYSTEM OF EFFECTIVE INTERCONNECTION OF INFORMATION ABOUT FUTURE 
DEMANDS ON METALLURGICAL PROFESSIONS AND QUALIFICATIONS IN RELATION TO THE 
EDUCATION OFFER 

Development in the area of metallurgy and metallurgical technologies, changing requirements of metallurgical 
enterprises in connection with personnel resources and the need to improve the quality of vocational education 
also require changes in the already issued Framework Educational Programs in the field of secondary 
education with apprenticeship certificates and school-leaving examinations. These changes should be carried 
out systemically in close cooperation with the Ministry of Education, representatives of metallurgy employers, 
regions and schools, but also in coordination with the standards of already existing functional systems such 
as the National System of Occupations and the National System of Qualifications. Framework Educational 
Programs should be linked to the qualification and evaluation standards of the National System of 
Qualifications. 

The analysis addresses the use of existing systems in the search for a functional element and functional links 
in the area of the alignment of the educational offer with the needs of metallurgical enterprises. Already now, 
the education system is no longer able to flexibly respond to requirements; the only cure to bring about quick 
coverage is a system of professional qualifications that allows the recruitment or retraining to another 
qualification within the National System of Qualifications. 

The National System of Occupations is a current description of the world of labor, created by employers' 
representatives. The essence of the NSO lies in the fact that NSQ professional qualifications are defined as 
the ability to perform individual occupations or type positions, i.e. NSO units. Professional qualifications and 
their qualification standards are directly defined and created according to these units of work. 

The NSO/NSQ reflect profession development and employers' demands and provide information that could 
serve for educational institutions. The established database of metallurgical occupations should serve for labor 
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market actors as a basic source of information on the requirements of metallurgical enterprises for human 
resources and their qualifications. It could be an important tool for pupils and their parents in deciding on the 
future profession and preparation for this profession. 

For any chosen profession, it is possible to assign qualifications required by the given profession. Educational 
institutions could continuously monitor and respond to the needs of qualifications by modifying SEPs or FEPs, 
i.e. by changing, expanding or removing learning units. An important aspect is the speed of response to the 
desired changes, which depends on the functionality and stability of the information system. It is about ensuring 
a direct link between requirements for job performance and educational contents. On this basis, it could be 
possible to achieve a systematic involvement of individual representative cooperation partners. The 
cooperation could exist already in the process of the profession origin, in collecting and processing information, 
in determining qualification requirements, which would lead to the connection of the entire system.  

For individual users, whether employers, employees, educational institutions, pupils or parents, the NSO/NSQ 
are a source where it is possible to find all occupations required in the field of metallurgy and, consequently, 
the relevant qualifications. The NSO/NSQ reflect profession development and requirements of employers, and 
provide information that could serve for educational institutions to review Framework Educational 
Programs/School Educational Programs. 

The main purpose of this link is to: 

 Use existing databases and tools 
 Allow and set co-operation rules 
 Provide information for educational institutions/schools on specific labor market requirements 
 Ensure a flexible response and adaptation to the educational offer 

Educational institutions should have readily available information not only about the current demand for 
educational services but also about the future trends. Individual implementation steps should have a firm 
organizational structure, including the definition of responsibility. Then all training providers will have a chance 
to adapt their offer to the changing needs of the labor market. 

Already at this stage, there is room for the wider participation of secondary schools according to the fields of 
education. Representatives of employers' associations form an agreement on the division of responsibilities 
for individual areas of initial vocational training. In accordance with Government Decree No. 267/2012 Coll. on 
a system of education fields in primary, secondary and tertiary vocational education, each group of education 
fields will be represented only by one employer organization or a chamber relevant to the professional focus 
of the given group of disciplines. 

Likewise, individual schools should be professionally profiled, choose the representatives of their fields and 
establish a “Platform for Professional Alignment of Vocational Education”. Following the platform creation, 
sector-specific meetings of representatives of the employers and educational institutions should be organized 
in order to exchange information and define activities for which the various entities and their representatives 
will be responsible.  

Individual secondary schools could form associations of schools corresponding to professional areas, 
according to the fields of education and their specialization. Based on the involvement in the work of the special 
platform, elected representatives of these school associations would participate in analyzing the situation on 
the labor market; they would be present and thus informed about the need and emergence of new professional 
qualifications, the labor market segments for which these qualifications were created, and could transmit that 
information without delay within their field of specialization to the educational institutions of the given field of 
study, which could integrate these requirements into their SEPs or react through the preparation of educational 
programs extending the basic educational offer and approaching the requirements of practice.  
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This process would also simplify the authorization process. Individual secondary schools could apply for the 
“authorized person” status. Each entity wishing to be an authorized person for a particular professional 
qualification may apply for the authorization at the so-called authorization body, a state administrative 
organization (some ministry), which is listed for the relevant professional qualification in the NSQ according to 
the field in the Annex to Act No. 179/2006 Coll. 

Interconnection of the NSO/NSQ and FEPs/SEPs - the educational offer and the network of schools should 
be based and fully dependent on the required qualifications listed in the NSQ. The whole can be functional 
only when using interconnected and updated information systems. 

The system of interconnecting the NSO/NSQ and FEPs/SEPs systems designed based on the analysis is 
shown in Table 2. The table also shows the benefits for individual users. The objective of NSO/NSQ and 
FEPs/SEPs systems interconnection is to set up the system in such a way that it anticipates labor market 
needs and reflects appropriate qualifications corresponding to current requirements for jobs in metallurgy 
companies. It also is to secure human resources that will be ready to enter the actual working process without 
undue period for induction training and adaptation for metallurgy operations. 

Table 2 System of interconnection of the NSO/NSQ and FEPs/SEPs 

Interconnection of the NSO/NSQ and FEPs/SEPs 

  NSO NSQ FEPs SEPs 

 Require-
rents 

Process- 
ing 

Require-
ments 

Process- 
ing 

Require- 
ments 

Process
- ing 

Require- 
ments 

Process- 
ing 

  
Employers Sector 

Councils Employers Sector 
Councils 

Sector 
Councils 

MEYS 
CR 

Employers, 
SCs 

Secondary 
schools, 

educational 
institutions 

Users: 
Citizens, 
parents, 
pupils 

Orientation in the offer 
of occupations 

Finding the qualification 
requirements 

Finding the fields of 
education 

Finding the content of the 
fields of education and 

study requirements, 
including the offer of 

training facilities 

Benefit 
for users 

Through the linked system, the users will receive guaranteed information on the job offer, 
the qualification required for the occupation and opportunities for employment, along with 
the offer of the fields of education corresponding to the given profession, and including the 

training institutions preparing for the qualification.   

Users: 
Employers 

Benefit 
for users 

A system that has the potential to provide employers with the human resources of the 
required qualifications, according to pre-specified content requirements corresponding to 

the requirements of practice.  

Users: 
Schools 

and 
educational 
institutions 

Benefit 
for users 

A direct link to labor market requirements including updates of qualification content. The 
offer of professions flexible according to occupational and qualification requirements. 
School network and capacity matching labour market needs both at the national and 

regional level.  

From the systemic point of view, the interconnection of the NSO/NSQ and FEPs/SEPs is a challenging 
process. The most important and at the same time the most problematic item is the creation of a common 
communication platform enabling the cooperation of interested parties, the unification of the methodology of 
setting up individual systems, and completion and interconnection of individual systems with educational 
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programmes. It is necessary to take into account many internal and external connections as well as the 
international context. 

4. CONCLUSION 

It is essential that the NSO and the NSQ are completed and linked to the FEPs and the network of schools 
which offer and teach metallurgical disciplines. Through the Education & Work web portal, only the NSO and 
the NSQ are connected at the present time.  

The NSO through the NSQ, when linked to the FEPs and SEPs, could serve as an effective tool for transferring 
labor metallurgical market requirements to educational contents. However, a functional information system on 
educational institutions, which would provide information on schools teaching relevant disciplines and their 
capacities, is missing. 

Currently, the mechanisms for transferring metallurgical employers' requirements to the content and course of 
education are not set up. Social partners should have a greater impact on education, they should participate 
in the content and composition of vocational subjects; they would thus enrich the profile of graduates with 
requirements from the labor market sphere, which would also be reflected in the final examinations. 
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Abstract  

The paper deals with a comparative analysis of reducibility of metallurgical sinter typical with high and low 
basicity. The samples were performed at 950°C of reduction test according to ISO 4695 which characterized 
their reducibility potential in CO atmosphere. Summing up the results, the differences in the testing of reduction 
processes were studied. The tests were accompanied with characterization of other properties such as density 
and apparent porosity to acquire comprehensive evaluation of the samples. All the data were used for 
interpretation and prediction of sample behavior in reduction processes in operation of the real blast furnace 
aggregate. Defining some processing parameters by mathematical model developed in Centre ENET, VSB - 
Technical University of Ostrava, financial costs for these samples processing were predicted on the basis of 
calculated coke reserve for the samples processing. Economical evaluation of processing of low and high 
basic sinter was carried out regarding the reduction gas consumption and costs estimation for metallurgical 
coke.  

Keywords: Sinter, reduction, reducibility, coke reserve  

1. INTRODUCTION  

The kinetic studies of reduction processes in blast furnace [1]-[4] prove that these processes are determined 
by many factors such as reduction gas consumption, its temperature, size of feedstock reactive surface, 
diffusion and properties of used iron ore. This paper evaluates the basicity of two samples of metallurgical 
sinter. It compares their reducibility properties in relation with other physical properties such as porosity and 
density to present a comprehensive study for interpretation how the basicity of iron ore feedstock effect on 
economics of these materials processing in the shaft of blast furnace aggregate, production of pig iron and 
slag. [5] Purposely, there were used the samples of wide range of basicity - a sample with an extremely low 
and a sample with high one to present the proper effect of material properties neglecting other processing 
parameters on the costs for these materials processing. 

The relations of the iron ore properties are widely studied. Relating to the basicity, the mineralogical structure, 
porosity, density and reducibility of sintered materials and its formation have been discussed in many research 
teams. Nishioka revealed that the pore sizes have a great influence on the effective thermal diffusivity as well 
as porosity. [6] McCann et al. discussed the specific heat capacity as well as chemical and structural changes 
of iron ores during its heating. [7] The attention was also paid to the statistical geometric characteristics of the 
pore structure. Aizawa et al. worked out a mathematical model to define effects of porosity, pore size, shape 
and their distribution.[8] Fröhlichova et al. analyzed the sinter structure in view of titanium addition to it. [9] Fu-
You Tian et al. reported a characterization of sinter on its structural and thermophysical properties toward 
waste heat recovery applications. They used a fractal model to predict the effective thermal conductivity as a 
function of porosity. [10] Bölükbaşi et al. studied porosity and structure of metallurgical sinter in relation with 
its quality.  

Also, the effect of iron ore properties on economics of its processing is discussed. Kardas et al. studied 
ironmaking process effectiveness by means of selected process parameters. [11] Konstanciak aimed at study 
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of processing economic in the view of coke quality. [12] Bernasowski et al. developed for economic 
interpretation of ore processing a model in view of coke rate optimization. [13]  

2. EXPERIMENTAL MATERIAL 

For experimental procedure there were used two samples of metallurgical sinter from the operation of 
a metallurgical plant in the Czech Republic. The chemical composition of used samples is presented in Table 1 
together with their basicity and results of reducibility tests, apparent porosity and density testing. The sample 
basicity [B2] was determined according to the ratio of basic oxides to acidic ones (1): 

B [−] =  
CaO + MgO

SiO + Al O                                                                                                                                                                         (1) 

Tests of sinters reducibility dR/dt (%/min) were conducted according to ISO 4695:2007. The samples of size 
range 10.0 mm - 12.5 mm were oven-dried to constant mass at 105 °C ± 5 °C and before preparation of the 
test portions they were cooled to the room temperature. The test portion of 500 g was isothermally reduced at 
950 °C in a fixed bed of reduction tube with a removable perforated plate inside to ensure a uniform gas flow 
using reducing gas consisting 40.0 % of CO and 60.0 % of N2.The portion was weighed at specified time 
intervals until its degree of reduction reached 65 %. The degree of reduction Rt [-], relative to the iron (III) state 
after t min is calculated, as follows (2) [14]. 

R =
0.111w
0.430w +

m − m
m ∙ 0.430 ∙ w ∙ 100                                                                                                                                        (2) 

where:  m0  is the start mass of the test portion before heating to reduction temperature 950 °C [g] 
 m1 is the mass of the portion heated for 950°C and immediately before starting the reduction [g] 

mt is the mass of the test portion after reduction time t [g] 
w1 is the iron (II) oxide content [%] 
w2 is the total iron content [%] 

The reducibility index dR/dt [-], expressed as the rate of reduction at the atomic ratio of O/Fe of 0.9 [%/min] is 
calculated from equation (3) and presented in Table 1.  

dR
dt

O
Fe = 0.9 =  

33.6
t − t                                                                                                                                                                 (3) 

where: t30  is the time to attain a degree of reduction of 30% [min] 
 t60 is the time to attain a degree of reduction of 60 % [min]   

 

Figure 1 Definition of samples during porosity testing [14] 

The porosity of the tested sinters ɸ [%] was evaluated by immersion method applying Archimedes principle as 
the buoyant force on a submerged object is equal to the weight of the fluid that is displaced by the object. The 
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samples were under pressure saturated in the water. For the final porosity calculation (4) the differences of 
sample weight have to be recorded. There are used values of dry sample weight before saturation (a), its 
suspended weight meaning weight of sample submerged into the water (b) and then weight of soak sample 
saturated in the water with flooded open pores but whipped on the surface (c). The sample phases are 
presented in Figure 1.  

ϕ[%] =  
G − G
G − G ∙ 100                                                                                                                                                                         (4) 

where:  G1  dry weight [g] 
G2 suspended weight [g] 
G3 soaked weight [g] 

The apparent density ρ [g/cm3] was calculated using data acquired during porosity measurements following 
Archimedes principles, as follows (5): 

ρ [g · cm ] = ρ( )
G

G − G                                                                                                                                                           (5) 

where: 휌  density of water 998 kg·m-3 

2.1. Results and Discussion 

Table 1 sums up the results of sample properties testing. The low basicity of acidic sample affects also its 
reducibility. The reducibility index of sample one is rather low and shows its demanding processing in the 
industrial order. Its porosity and density also reaches low values. High basicity of sample 2 affects positively 
its reducibility. It reached a high index of reducibility 1.31. Porosity and density of this sample correspond to 
the sample reducibility characteristics. 

Table 1 Properties of samples and results of physical tests  

sample Fe [%] FeO [%] B2 [-] dR/dt [-] Φ [%] Ρz [g·cm-3] 

1 56.10 13.7 0.7 0.65 6.46 3.76 

2 55.98 8.27 2.33 1.31 9.82 4.21 

Table 2 presents results of kinetic constants calculated by mathematical model developed at Centre ENET at 
void fraction 0.4. The kinetic constants describe speed of oxides reduction from hematite to magnetite to 
wüstite and finally to iron.  

Table 2 Kinetic constants calculated for samples 

sample k1 k2 k3 

1 0.0045 0.00307 0.00029 

2 0.0094 0.0045 0.00081 

The sinter usage in production is further evaluated. The interpretation is focused on its effect on reduction gas 
consumption. Figure 2 and Figure 3 present the changes in oxidation grade of ore feedstock and in the gas. 
At the same time, it brings information about changes in concentration of oxides during the descent of the 
feedstock through the area of non-direct reduction in the blast furnace. The differences in changes in oxidation 
grade of tested samples are obvious. Changes of oxidation grade of basic sinter are quicker. The oxidation of 
gas during its processing presented by curve X descents quicker than for acidic sample 1. The changes in 
oxidation of basic sample start also earlier than in case of acidic sample 2. It proves better reducibility of basic 
sample 2 and its easily processing relating with lower consumption of reduction gas.  



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2179 

 
Figure 2 Changes in oxidation grade of sample 1 

 
Figure 3 Changes in oxidation grade of sample 2 

Carbon consumption differs at time of feedstock stay in the area of non-direct reduction. As the time is shorter, 
the limit kinetic curve of carbon consumption is of higher values. The productivity of blast furnace aggregate is 
affected by feedstock descent. The rate effects on the time of feedstock stay in the area of non-direct reduction. 
The shorter time results in the increase in ratio of direct reduction and the increase of heat demand relating to 
coke consumption. The mathematical model calculated a possible coke reserve ω [-] for sample 1 and sample 
2 to interprete an effect of basicity of samples on metallurgical coke consumption in relation with reduction gas 
consumption. The parameter 휔 is defined by calculation based on Rist’s diagram and describes possible 
savings in reduction gas consumption generated from carbon included in coke used in the technology. It is 
information about reserve of the process. Table 3 sums up possibilities of parameter ω calculated at different 
level of reduction gas utilization in case of processing of acidic and basic sinter. It clearly presents how coke 
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reserve expressed by parameter ω is affected by consumption of reduction gas. Generally, the higher value 
of parameter omega, the higher reserve in metallurgical coke consumption is estimated.  

Table 3 Parameter ω at different reduction gas consumption  

Sample 1 Sample 2 

Reduction gas 
consumption [mol] 

ω [-] Reduction gas consumption 
[mol] 

ω [-] 

2 0.1878 2 -0.2154 

3 0.4723 3 0.045 

3.5 0.621275 3.5 0.19 

The carried out calculation proved lower reserve in carbon consumption in processing of basic sample 2. The 
recommended level of reduction gas consumption in this case is 3. For lower reduction gas consumption was 
not defined a reliable reserve. The processing of acidic sample 1 shows higher reserve in carbon consumption. 
This sample is hardly reducible and its processing in blast furnace aggregate presents higher costs for 
metallurgical coke. The total savings of metallurgical coke in optimal production process might present million 
values. 

3. CONCLUSION 

The study presented in the paper recommends production of metallurgical sinter of higher basicity and porosity. 
This sinter proved higher reducibility and it is estimated to be processed in the blast furnace with lower costs 
for metallurgical coke as a reducing agent and fuel of the blast furnace process. The mathematical model 
simulating the processing of studied types of sinters confirmed lower reserve in carbon consumption for 
processing of basic sinter.  
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Abstract 

The paper characterizes the tasks of the selected logistic subsystem in the area of the enterprise operations. 
The main aim of the study is to identify and analyse selected tasks of management of the supply subsystem 
in the Enterprise X operating in the foundry sector. 

The theoretical approach to the supply subsystem in the systematic logistics concept was presented. 
Furthermore, the study provides a brief characterization of the object of activities of the Enterprise X from the 
foundry sector and identifies and analyses two problems of management of the supply subsystem in this entity: 
customers' needs in the area of products expected and the predicted production and sales levels.  

The paper is based on the two items of the literature and author's own examinations conducted using the 
method of interviews with employees and customers in the Enterprise X. An important source of information 
was internal materials obtained through collaboration with authorities and employees of the enterprise.  

Keywords: Supply subsystem, management, foundry sector 

1. INTRODUCTION 

The logistic systems are usually described by a number of components and relations as multistructural and 
multifaceted problems [1]. As a platform for the development of competitiveness between many organizations, 
logistics also plays a conceptual and instrumental role in the development of contemporary systems and their 
components, such as subsystems [2]. The use of the systematic approach in logistics allows enterprises to 
achieve many goals of strategic character, including reaching a higher level of services for customers in order 
to compensate for the current advantage of competitors or maintaining their own advantage [3].  

This paper is devoted to characterization of the tasks of the selected logistic subsystem in the area of the 
enterprise operations. The main aim of the study is to identify and analyse selected tasks of management of 
the supply subsystem in the Enterprise X operating in the foundry sector. 

The paper presents the theoretical approach to the supply subsystem in the systematic logistics concept. 
Furthermore, the study provides a brief characterization of the object of activities of the Enterprise X from the 
foundry sector and identifies and analyses two problems of management of the supply subsystem in this entity: 
customers' needs in the area of products expected and the predicted production levels and sales levels. The 
study will be continued with the paper with similar title, which identified and analysed another two problems of 
management of the supply subsystem in the entity: sources of purchasing in the Enterprise X and level of unit 
material consumption for production of cast products. 

The paper is based on the two items of the literature and author's own examinations conducted using the 
method of interviews with employees and customers in the Enterprise X. An important source of information 
was internal materials obtained through collaboration with authorities and employees of the enterprise.  
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2. SUPPLY SUBSYSTEM IN THE SYSTEMATIC CONCEPT OF LOGISTICS 

The logistics system is understood as purposefully organized and integrated processes of material and product 
flow in the area of a specific economic system and products with corresponding information [4]. Therefore, the 
logistics system means the arrangement of processes and transformation of specific resources that represent 
the wholeness that is aimed at achievement of specific goals in the enterprise.  

The system contains components in the form of subsystems, which can be further subdivided using various 
classification criteria. With the phase division, the logistics systems contain the subsystems of supply, which 
focus on raw material, auxiliary materials and consumables and parts that should be made available to the 
enterprise [5]. 

The supply subsystem of logistics in the enterprise is responsible for supplies of any types of materials, raw 
materials or semi-finished products used for production of the goods offered by production enterprises [6]. 
Management of the supply subsystem involves the decisions and actions aimed at obtaining goods and final 
products [7]. It determines the form of the wholeness of the supply processes through determination of the 
customers' needs in terms of goods they expect, predicted production and sales levels, determination of the 
supply levels and purchasing. With regards to management of this subsystem, many decisions are made and 
they impact on the effective function of the enterprise, consequently affecting the level of costs [8]. 

3. PROFILE OF ACTIVITIES OF THE ENTERPRISE X 

The Enterprise X is a limited company - a manufacturer with reach foundry tradition [9]. The first historical data 
date back to 1360, when Kuźnica Bogucka was set up in the area of contemporary Katowice (southern Poland), 
where iron and sheet metal was cast. 

Nowadays, the operations of the Enterprise X are classified within the industry division, metallurgical industry 
and the foundry sector. The enterprise is an iron foundry with the division of mechanical processing and 
assembly of finished goods based on cast iron products. 

The technologies used in the enterprise include: 

1) flaskless moulding using the DISAMATIC system with automated mould filling with molten metal from 
the induction furnace (maximal dimensions of the casts of 500330200 mm), 

2) moulding in the automated production line with wide-blade sand-slinger with automated mould filling 
(maximal dimensions of the casts 600280100 mm), 

3) mechanical moulding with manual mould filling (maximal dimensions of the casts 520400150 mm), 
4) manual moulding (casts with mass of up to 60 kg). 

Casts are made of grey cast iron of ZL 150250, and, since1996, of ductile cast iron and alloy cast iron. The 
tool shop prepares wooden, metal and plastic casting models. The products are protected from corrosion by 
painting with the paint hardened at the temperature of 130 C, powder coating or hot-dip tinning. 

The Enterprise X offers: 

 casts of grey cast iron ZL150250, 
 cast iron heaters for central heating T-1, TA-1, TB-1 and DIN, 
 household goods: manual meat mincers, manual machines for meat mincing, machines for fruit and 

vegetable must pressing, cereal mills, coffee mills, pots, frying pans, 
 cast iron low-voltage box switching stations of the S system, 
 cast iron branch joints for sewerage installations (four-way and three-way branches with diameter of 30 

to 1,500 mm), 
 other products, e.g. cast iron stoves, garden furniture elements, dumbbells, flowerbeds etc. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2184 

The Enterprise X is involved in series production and unit production at special requests of customers and 
according to their requirements. With the use of high-quality materials and advanced technological processes 
performed under supervision of highly-qualified personnel, the products are characterized by a standard 
confirmed by certificates awarded by many reputable research institutes. A broad range of applications and 
quality of the product offered by the enterprise allow the enterprise to meet the requirements and expectations 
of customers from many sectors of the industry, such as construction, machinery, energy, automotive, food 
processing, mining, chemical and household goods sectors. 

4. DETERMINATION OF THE NEEDS OF CUSTOMERS IN THE ENTERPRISE X IN THE AREA OF 
DEMANDED PRODUCTS 

Of the broad range of products offered by the Enterprise X, one of the most important items in the national and 
international market is household goods, which include e.g. manual meat mincers - the product which can be 
used for identification and analysis of the tasks of the logistic subsystem of the entity in this paper. Furthermore, 
while taking opportunities of the logistic subsystem of the Enterprise X based on the selected product (manual 
meat mincer) it will be redesigned and modernized. The equipment manufactured by the Enterprise X will be 
modified after conclusions drawn based on the analysis of internal materials of the enterprise X and, first and 
foremost, the interviews made with customers and employees.  

The range of products will be extended to seven types of equipment manufactured in two main variants. Four 
types, different in their mass and performance, will represent the type A of the manual meat mincer attached 
to the tabletop by means of the fixing bolt. Three other types, also differing in weight and performance will 
represent the type B, attached permanently to the tabletop by means of four bolts. 

Therefore, with regards to the fixation method, the Enterprise X manufactures: 

1) portable machines attached to tabletop by means of the fixing bolt (type A), 

2) machines fixed to tabletop by means of four bolts (type A), 

Due to the size of the mincing chamber, mass and performance of the machines, the range of products of the 
Enterprise X is differentiated according to the data contained in Table 1. 

Table 1 Size of the mincing chamber, mass and performance of machines of type A and B 

TYPE: A TYPE: B 

No. 
Mixing chamber 

 size [No.] 
Mass 
[kg] 

Performance 
[kg/min] No. 

Mixing 
chamber 

size [No.] 

Mass 
[kg] 

Performance 
[kg/min] 

1 5 2.20 0.3 1 5 3.35 0.5 

2 5 2.85 0.4 2 8 6.30 0.6 

3 5 3.60 0.5 3 8 9.85 0.7 

4 8 7.40 0.6 - 

The manufactured machines are equipped in three types of mesh plates with different mesh (from 2.5 to 19 
mm). During the purchase, the customer chooses the mesh plates from the plates available for the specific 
type of the machine. Mesh diameters for the mesh plate are presented in Table 2 for the machine of type A 
and B. 

The equipment offered should also include the additional part that allows for changing the purpose of the 
machine. During a single purchase transaction, the customers choose from one of the following components: 
 the bushing for making sausages, 
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 assembly for must pressing, 
 mould used to make cakes. 

Two other parts and more mesh plates can be purchased separately in any product sales point and in the 
Enterprise X. 

Table 2 Mesh diameters for the mesh plates in machines of type A and B 

TYPE: A 

No.  Mesh diameter [mm] 

2.5 4 4.5 6 8 10 12 13 14 6 18 19 

1             

2             

3             

4             

TYPE: B 

No. Mesh diameter [mm] 

2.5 4 4.5 6 8 10 12 13 14 6 18 19 

1             

2             

3             

The above design assumptions for the modernized products of the enterprise from the foundry sector represent 
the response of the enterprise to the specific needs of the customers in terms of demanded goods. They are 
connected with the analysis of the market of foundry products, which is conducted through planning of the 
demand for the incoming season. With this analysis, the enterprise should be able to assess whether products 
which are already included into the range of services are popular among their users and whether there is a 
market demand for such products. Additional benefits of market analysis include familiarizing with the products 
manufactured by competitors, its strengths and weaknesses and opportunities for finding a product niche and 
filling the gap. 

5. EVALUATION OF THE EXPECTED PRODUCTION AND SALES LEVELS FOR ENTERPRISE X 
PRODUCTS  

After interviews with employees and customers of the Enterprise X, analysis of the internal materials and the 
demand for previous sales levels for manual meat mincers and production capability, the level of production 
of meat mincers is expected as shown in Table 3. 

Table 3 Expected level of production of meat mincers of types A and B 

Product Date of start of project 
financing 

Period of start-up, initiation and growth 
Year. Planned level of production [pcs] 

2018 2019 2020 2021 2022 
TYPE: A 

01.01.2018 

     
1 45,000 60,000 85,500 90,000 78,500 
2 50,000 72,000 101,200 95,000 92,500 
3 30,000 36,000 45,000 42,000 39,500 
4 10,000 11,500 14,200 13,500 12,500 
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Product 
(continue) 

Date of start of project 
financing 

Period of start-up, initiation and growth 
Year. Planned level of production [pcs] 

2018 2019 2020 2021 2022 
TYPE: B 

01.01.2018 

     
1 5,000 5,400 6,100 5,800 5,600 
2 10,000 11,000 13,200 12,500 12,000 
3 10,000 12,000 14,200 13,500 12,500 

TOTAL 160,000 207,900 279,400 262,300 253,100 

Expected levels of sales of meat mincers of type A and B are illustrated in Figure 1. 

 
Figure 1 Expected levels of sales of meat mincers of type A and in 2018-2022 

The initial data necessary to design products which are the basis for identification and analysis of the logistics 
system of the entity in this paper are presented in Table 4. 

Table 4 Input data for designing of meat mincers as a basis for identification and analysis of the logistics  
   subsystem in the Enterprise X 

Design input data  
Product name: 
Meat mincer 

Documentation No.: 
symbol MKA2-05863 

Demand for the finished products and deadlines 
1. Expected demand and production levels 

 2018 2019 2020 2021 2022 
Demand [pcs/year] 

Production level [pcs/year] 
150,000 
160,000 

210,000 
207,900 

280,000 
279,400 

265,000 
262,300 

250,000 
253,100 

Frequency of the series, batches and supplies 

1. Finished product series 
2. Supply level 
3. Frequency of batches and parts 

 5000 pcs. 
 150-200 pcs. 
 Possibly high frequency 

Target of unit costs of production 

1. Direct 
 

a) labour 5-18 PLN 
b) assembly 4-15 PLN 

2. Special 
 

a) materials 3-10 PLN 
b) of general use 10-34 PLN 
c) cooperation parts 3 PLN 

TOTAL OF DIRECT COSTS 25-80 PLN 
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Planned demand in the entity was evaluated based on the results of the previous market analysis concerning 
the products of the foundry sector. Planning of the demand concerns revision of the sold cast products in terms 
of the demand and planning of actions aimed at inclusion of attractive and high-quality new products into the 
range of products. Therefore, this is connected with indication of the expected level of production and level of 
sales of meat mincers, determination of the frequency of series, batches and supplies which affect the level of 
costs. 

6. CONCLUSION 

Initial tasks performed in the area of the supply subsystem in the Enterprise X from the foundry sector 
concerned: 

 Determination of the needs of customers in the area of the demanded products, which is connected with 
the analysis of the market of foundry sector products and maintaining continuous contacts with 
customers. This involves the necessity of the analyses in order to determine which products in the future 
supply markets can contribute to solving the problems in the enterprise. The task of the supply 
subsystem is to ensure the development of future supply capabilities, which reveals a close correlation 
between the research and development division in the aspect of future products and their importance 
for the development of enterprise's own cast products; 

 The demand should be evaluated for the incoming season, which is connected with the expected 
production levels in the foundry for the season and the expected sales levels. Consequently, it is 
possible to indicate the series of finished products, supply levels and, finally, evaluate the operating 
costs. 

REFERENCES 
[1] NOWICKA-SKOWRON M. Efektywność systemów logistycznych. PWE: Warsaw, 2001. 
[2] BARAN J., MACIEJCZAK M., PIETRZAK M., ROKICKI T., WICKI L. Logistyka. Wybrane zagadnienia. 

Wydawnictwo SGGW: Warsaw, 2008.  

[3] ROMANOWSKA M. Planowanie strategiczne w przedsiębiorstwie. PWE: Warsaw, 2009.  
[4] SKOWRONEK CZ., SARJUSZ-WOLSKI Z. Logistyka w przedsiębiorstwie. PWE: Warsaw, 2012.  
[5] BENDKOWSKI J., RADZIEJOWSKA G. Logistyka zaopatrzenia w przedsiębiorstwie. Wydawnictwo Politechniki 

Śląskiej: Gliwice, 2011. 
[6] CZAJKOWSKA A. Identification and analysis of non-conformities in production of construction materials with the 

example of hot-rolled sheet metal. In METAL 2015: 24th International Conference on Metallurgy and Materials. 
Ostrava: TANGER, 2015. 

[7] NOGALSKI B., NIEWIADOMSKI P. Koncepcja oceny dostawcy w elastycznym zakładzie wytwórczym - 
strategiczna perspektywa sukcesu. http://jmf.wzr.pl/pim/2013_4_2_22.pdf, 17.02.2017. 

[8] NOWAKOWSKA-GRUNT J., MAZUR M. Effectiveness of Logistics Processes of SMEs in the Metal Industry. In 
METAL 2016: 25th Anniversary International Conference on Metallurgy and Materials. Ostrava: TANGER, 2016. 

[9] The internal materials of analyzed company. Silesia 2017. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2188 

THE ANALYSIS OF NON-CONFORMANCES OF PRODUCTS IN PLATE MILL USING 
SELECTED QUALITY TOOLS 

KARDAS Edyta 

Czestochowa University of Technology, Czestochowa, Faculty of Production Engineering  
and Materials Technology, Poland, EU,  

ekonstan@wip.pcz.pl  

Abstract 

The paper presents the analysis of non-conformances of metal plates produced in one of Polish steelworks. 
Selected quality tools were used in the analysis. In the first part of the paper quantitative analysis of total and 
non-conforming production, taking into account the ways of procedure with non-conforming products, was 
made. In the second part of the paper the analysis of different types of non-conformances was done. Selected 
quality tools were used: Pareto’s chart, cause and effects analysis and FMEA method. The analysis covers 
the period of 1 calendar year. 

Keywords: Non-conformance, quality analysis, Plate Mill, quality tools 

1. INTRODUCTION 

Quality of products is one of the factors determining customer satisfaction and profits for the company. 
Companies that generally have to multiply profits, must ensure that the quality of products they offer is as high 
as possible. They realize that in order to be competitive on the market they must take care of their customers 
by meeting their requirements and expectations. Quality is created at each stage of production process: from 
the designing phase, though the manufacturing to deliver products to the customers. Proper operation of 
manufacturing process which the quality parameters of products are optimal and within the standards and 
customer requirements is very important element of quality management. Continuous monitoring and analysis 
of quantitative parameters of products is intended to keep them at the optimal level and rapid response to any 
of their changes [1, 2]. 

Continuous analysis of products at each stage of the production process, from assessment of quality of 
materials, through the various stages of manufacturing, to the control of products in stock, is one on the most 
important factors relevant to the quality of finished products. Many authors show that various quality tools can 
be used successfully to evaluate the quality of different products. There is no one universal set of tools that 
can be used for this purpose. The selection of appropriate set of tools depends on many factors, e.g.: 
production industry, the type of product, volume of production, the type of results to be analyzed [3, 4, 5]. 

The evaluation of quality of products using selected quality instruments was the main purpose of this paper. 
The analysis of non-conformances of metal plates is presented. Quantitative analysis of production and non-
conformances, Pareto chart, the analysis of causes of non-conformances and FMEA method used in this 
paper. Major non-conformances occurring in products were identified, quantitative analysis of non-
conformances was made and reasons of occurrence were determined. The analysis was based on results 
from the company working in steel industry. This analysis includes industrial results of quality parameters 
under study. The analyzed period of time covers one calendar year. 

2. CHARACTERISTICS OF DATA 

The analysis was based on results from the company working in steel industry. Plates produced in one of 
Polish steel mills were tested object. In this company 80 potential non-conformances of plates were identified. 
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In analyzed the period of time only few of them were detected. The following numbers of non-conformances 
occurring during the analyzed period were used for the analysis [6, 7]: 1 - hulls from the bottom, 2 - hulls from 
the top, 3 - cracks from the bottom, 4 - cracks from the top, 5 - discontinuity of material after machine testing, 
6 - discontinuity of material after manual testing, 7 - short after cutting defects of material, 8 - Cracks at the 
edge, 9 - narrow after cutting defects of material, 10 - cracked edge - to cut, 11 - transverse cracks - from the 
top, 12 - cross-section cracks - acceptable tolerance of thickness, 13 - other non-conformances (after 
ultrasound examination - snowflakes, axial cracks - from the top, axial cracks - from the bottom, transverse 
cracks - from the bottom, bad after griding of non-conformances of steel, other defects caused by charge 
deliverer). 

3. ANALYSIS OF RESULTS 

The quality analysis of plates was made. The following quality instruments were used to assess the quality of 
product: quantitative analysis of production and non-conformances, Pareto chart, causes analysis and FMEA 
method. The research covers the period of 1 calendar year. 

3.1. Quantitative analysis of production and non-conformances of plates 

Quantitative analysis of production of plates was made. Figure 1 shows volume of total production plates in 
particular months of investigated year. Figure 2 shows structure of production of plates according to their 
thickness. 

 
Figure 1 Volume of production of plates  

[Own study based on: 6, 7] 
Figure 2 Structure of production of plates  

[Own study based on: 6, 7] 

Based on the information presented in Figure 1 it can be said that the largest volume of production of plates 
was recorded in the first half of the year, mainly in March, April and February (about 50 000 Mg), while in the 
second part of the year was significantly lower (about 30 000 Mg). The structure of production (Figure 2) 
shows 42% of total production was that plates with thickness 20-40 mm, 25% of total production - plates with 
thickness 12-20mm and 18% - 8-12 mm were produced most frequently. 

Percentage of non-compliant production of plates in total production in particular months of investigated year 
was calculated (Figure 3). Structure of non-complaint production of plates according to method of dealing with 
non-compliant production of plates was analyzed (Figure 4). 

Average percentage of non-compliant production of total production during investigated year was at the level 
of 1.4%. The highest percentage (Figure 3) was noticed in December (2.5), January (2%) and May (1.9%), 
while the lowest in April (0.5%), April (0.8%) and September (0.8%). About 42% of non-compliant production 
was regraded, 29% - repaired. Only 4.5% was scrapped. 
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Figure 3 Percentage of non-compliant production in 
total production of plates,  

[Own study based on: 6, 7] 

Figure 4 Structure of non-complaint production of 
plates according to method of dealing with of plates 

[Own study based on: 6, 7] 

3.2. Pareto chart of non-conformances of plates 

Pareto chart s of non-conformances of plates was created. Figure 5 shows Pareto chart of total non-
conforming production of plates, while Figures 6 - 9 show Pareto charts of non-conforming production 
depending on the method of treatment the products. 

  

Figure 5 Pareto chart of total non-conforming 
production [Own study based on: 6, 7] 

Figure 6 Pareto chart of non-conforming production 
directed to scrapping [Own study based on: 6, 7] 

  

Figure 7 Pareto chart of non-conforming production 
directed to regrading [Own study based on: 6, 7] 

Figure 8 Pareto chart of non-conforming production 
directed to repairing [Own study based on: 6, 7] 
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Figure 9 Pareto chart of non-conforming production directed to explanation  

[Own study based on: 6, 7] 

The Pareto charts presented in Figures 5 - 9 shows that: 
 In total non-conforming production 3 non-conformances have significant importance: 11 (transverse 

cracks - from the top) - occurred in 42% of non-conforming products, 6 (discontinuity of material after 
manual testing) - 21% and 8 (cracks at the edge) - 17%. The rest 10 non-conformances occurred only 
in nearly 20% of non-conforming products. 

 In non-conforming production directed to scrapping 2 non-conformances occurred most often: 11 - in 
39% and 6 - in 25% of non-conforming production directed to scrapping. 

 In non-conforming production directed to reparing 1 non-conformance occurred in nearly 60% of such 
production - 11. 

 In non-conforming production directed to repairing 2 non-conformances were discovered in over 95% 
of such products: 11 - in 52% and 8 - in 43%. 

 Non-conforming production directed to explanation was connected with only two non-conformances, in 
most of non-conforming products defect 6 (in 88%) was discovered. 

3.3. The analysis of causes of non-conformances 

The analysis of causes of non-conformances was made. This analysis was based on the rules of Ishikawa 
diagram. All causes were divided into 5 groups connected with classic division of causes of Ishikawa analysis: 
M1 - machine, M2 - material, M3 - man, M4 - management, M5 - method. The results of the analysis were 
presented in Figure 10. Based on the results of the analysis it can be concluded that main reasons of 
occurrence of most crucial non-conformances are mainly: material (28%) and machine (27.5%). 

 
Figure 10 Percentage of non-compliant production of plates according to causes of their appearance [Own 

study based on: 6, 7] 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2192 

3.4. The analysis of the causes and effects of non-conformances using FMEA 

The analysis of the causes and effects of nonconformance using FMEA was done. For all non-conformances 
effects, causes, applied control methods and recommended corrective measures were defined. Also analysis 
indicators were calculated: Z - importance for customers, R - probability of occurrence, W - detectability. All 
indicators take values from the range 1-10. Also risk priority number (WPR) was calculated as product of 
indicators: Z, R and W. Results of the analysis are presented in Table 1. 

Table 1 FMEA analysis of non-complaint production of plates [Own study based on: 6, 7] 

No Effects, defects, 
limitations Causes Applied control methods Z W R WPR 

Recommended 
corrective 
measures 

1 Improperly selected 
material, outdated 
mechanism 

M1, M2 
Visual control of surface, 
process parameters 
measurement 

3 6 3 54 

Additional control, 
new work station 
for one activity and 
related, additional 
employee training 

2 Improperly selected 
material, outdated 
mechanism 

M1, M2 
Band measurement, 
process parameters 
measurement 

3 5 2 30 
Additional control, 
new work station 
for one activity and 
related 

3 Outdated mechanism M1, M2, 
M5 

Visual control of surface, 
measurement of plate 
dimensions 

3 9 2 54 
Additional control, 
additional 
employee training 

4 Outdated mechanism M1, M2, 
M5 

Visual cotrol of surface, 
measurement of plate 
dimensions 

3 7 2 42 Additional control 
of machinery and 
equipment work 

5 
Unfulfilled parameters M1, M2 

Control of test results, 
manual testing of plate 
surface - examination of 
external quality of plates 

5 6 2 60 

Additional control, 
new work station 
for one activity and 
related 

6 Improperly selected 
material 

M1, M2, 
M3, M5 

Manual testing of plate 
surface - examination of 
external quality of plates 

3 3 7 63 
Additional control 
of machinery and 
equipment work 

7 Improperly selected 
material 

M1, M2, 
M3, M5 

Visual control of surface - 
surface condition, 
accuracy, marking 

6 5 5 150 
Additional control, 
additional control  
of machinery and 
equipment work 

8 Improperly selected 
material 

M1, M2, 
M3 

Process parameters 
measurement, visual 
control of surface - 
surface condition 

4 4 6 96 
Additional control, 
additional control  
of machinery and 
equipment work 

9 
Mechanical damage 

M1, M2, 
M3, M4, 
M5 

Process parameters 
measurement, visual 
control of surface - 
surface condition 

4 4 6 96 
Additional control, 
additional control  
of machinery and 
equipment work 

10 
Mechanical damage M1, M2, 

M5 

Process parameters 
measurement, visual 
control of surface - 
surface condition 

2 5 4 40 Additional 
employee training 

11 Unfulfilled minimum 
requirement of product 

M1, M2, 
M4, M5 

Manual testing of plate 
surface 9 2 9 162 Additional 

employee training 

12 Unfulfilled minimum 
requirement of product M2, M5 

Measuring of dimensions 
of plates, control of test 
results 

2 8 2 32 

Additional control, 
additional control  
of machinery and 
equipment work 

13 
Unfulfilled minimum 
requirement of product 

M1, M2, 
M3, M4, 
M5 

Manual testing of plate 
surface, automatic testing 
of surface and edge of 
plates - examination of 
external quality of plates 

3 5 3 45 

Additional control, 
additional 
employee training, 
additional control  
of machinery and 
equipment work 
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Based on results of the FMEA analysis (Table 1) it can be said that two non-conformances should be regarded 
as critical, because their WPR is higher than 100: 11 (transverse cracks - from the top) and 7 (short after 
cutting defects of material). Vales of two other non-conformances are also alarming: 8 (cracks at the edge) 
and 9 (narrow after cutting defects of material). Causes of these four non-conformances should be eliminated 
first. 

4. CONCLUSION 

The evaluation of quality of products using selected quality instruments was the main purpose of this paper. 
The analysis of non-conformances of metal plates is presented. Based on the results shown in the paper it 
can be concluded that production of plates depends on the level of orders from customers and 42% of 
production were plates with thickness of 12-20 mm. Average percentage of non-conforming production during 
investigated year was at the level of 1.4% of total production. Only in 2 months level of 2% of non-conforming 
production was exceeded. 42% of non-conforming production was regraded and 29% - repaired. 

Pareto chart shows that 3 non-conformances occurred the most frequently: traverse cracks from the top, 
discontinuity of material after manual testing and cracks at the edge. Furthermore, products with traverse 
cracks from the top were scrapped, regraded or repaired, while products with discontinuity of material after 
manual testing were directed to explanation. 

Main reasons of occurrence of non-conforming products were material and machines. They caused occurring 
about 50% of total non-conforming production. 

FMEA analysis confirmed that the most critical non-conformance was transverse cracks - from the top. 

Based on this results it can be said that in order to improve the quality of finished products, the following actions 
should be introduced: 

 first, actions connected with changes of supplied material 
 take the attempt to modernize machinery and equipment. 
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Abstract 

In the paper, the quality research of the steel bars produced by chosen Polish metallurgical enterprise was 
presented. The chemical composition of the steel grade 1006 produced in this enterprise was determined. 
Using the principles of Statistical Process Control (SPC), measurement uncertainty based on validated 
research methods and current spectral analysis of the control samples were also determined. Thanks to the 
use of this method it will be possible to take preventive action to eliminate errors during the technological 
process. 

Keywords: Steel bars, Statistical Process Control, homogeneous of chemical composition 

1. INTRODUCTION 

The requirements imposed by the recipients on the materials produced in the research metallurgical plant 
cause manufacturers' care for internal quality management systems. This has led to a change in the production 
technology of its products. Innovations also concerned laboratories evaluating these products. Statistical 
process control (SPC) methods have become an important part of the quality management [1-3]. The process 
should take advantage of all the potential evaluation and development. On the basis of the control results, it is 
possible to introduce the inspection of the corrective and preventive actions. They are reflected in the 
standards, procedures, and instructions. The basic concept from the point of view of SPC methodology is the 
variability generated by various process factors such as man, technology, tools, materials [4-5].  

The spectroscope is one of the tools used to evaluate materials. Thanks to it, it is possible to determine up to 
several dozen elements in the research material. The chemical composition of the produced material affects 
the quality of the final products [6-7]. For the chosen metallurgical plant, methodology for the determination of 
the chemical composition of melted material samples of low content of silicon (Si) using the SPC principles, 
was presented. Chemical composition of the research material was defined, uncertainty of measurement 
based on validated research methods and current spectral analysis of control samples were determined. 

2. CHARACTERISTICS OF THE METALLURGICAL PLANT 

The research metallurgical plant (ZM) started its business several decades ago. In recent years it has 
undergone tremendous transformation. Thanks to the made investments, it has become a modern and 
competitive enterprise. Introduction of new technologies that take into account customer needs and natural 
environmental requirements are a priority for the enterprise's management [8]. 

3. QUALITY ASSESSMENT OF THE PRODUCED MATERIAL  

1006 grade steel produced in the ZM was chosen for the research. The analysis of how to make the melt 
according to the technological instructions was conducted. There were no objections. In order to make a 
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spectral control sample with low content of Si, a control piece from a cast material on Continuos Casting line 
was taken and was subjected to forming process in the rolling mill. The diameter of the bar was 50 mm, and 
its chemical composition was determined during technological process. The sample was cut into 60 mm 
specimens and properly marked. Then samples were prepared for analysis. From the prepared group of 
samples, 5 samples were chosen at random. Homogeneity (chemical composition % w.) and standard 
deviation of these samples were determined (Table 1). The chemical composition was checked at two parts 
of the sample and the average composition (denotation /1, /2) was determined.  

Table 1 Chemical composition (% w), average and standard deviation of the research samples [own study] 

No of sample C Si Mn S P Cr Ni Cu 

1/1 0.057 0.0798 0.323 0.0131 0.0125 0.0549 0.0667 0.2227 

1/2 0.0559 0.0796 0.327 0.0132 0.0123 0.0557 0.0669 0.2225 

Average 1 0.0565 0.0797 0.325 0.0132 0.0124 0.0553 0.0668 0.2226 

2/1 0.0557 0.0802 0.328 0.0147 0.0132 0.0546 0.0678 0.2217 

2/2 0.0561 0.0798 0.324 0.0142 0.013 0.0548 0.067 0.2221 

Average 2 0.0559 0.0800 0.326 0.01445 0.0131 0.0547 0.067 0.2219 

3/1 0.0564 0.0798 0.325 0.0135 0.0125 0.0549 0.0668 0.221 

3/2 0.0558 0.0802 0.323 0.0131 0.0121 0.0558 0.0665 0.219 

Average 3 0.0561 0.0800 0.324 0.0133 0.0123 0.0554 0.0667 0.2200 

4/1 0.0567 0.08 0.324 0.013 0.0122 0.0552 0.0667 0.2229 

4/2 0.0569 0.0796 0.326 0.0132 0.012 0.0554 0.0669 0.2215 

Average 4 0.0568 0.0798 0.325 0.0131 0.0121 0.0553 0.0668 0.2222 

5/1 0.0561 0.0798 0.325 0.0132 0.0116 0.0551 0.0663 0.228 

5/2 0.0558 0.08 0.321 0.0129 0.0125 0.0556 0.0669 0.217 

Average 5 0.0560 0.0799 0.323 0.0131 0.0121 0.0554 0.0666 0.2225 

Average 0.057 0.0798 0.323 0.0131 0.0125 0.0549 0.0667 0.2227 

Standard deviation 0.0005 0.00032 0.00156 0.00050 0.00051 0.000248 0.000787 0.00098 

The next step was to verify the hypothesis of variance from the obtained results with use of the Fisher-
Snedecor test. For this purpose, each sample was tested in 10 samples of determination of chemical elements. 
In Table 2 the results of average content of each element from this determination of chemical elements, 
standard deviations and variances for the research samples were presented. 

Table 2 Average content of elements after the determination of chemical elements, standard deviations  
    and variances [own study]  

No of sample C Si Mn S P Cr Ni Cu 

Average 1 0.0564 0.0800 0.3625 0.0134 0.0123 0.0554 0.0669 0.2225 

Standard deviation 0.00074 0.000387 0.001398 0.000371 0.000327 0.00025 0.00060 0.00071 

Variance 2.03E-07 1.49E-07 1.96E-06 1.37E-07 1.07E-07 6.32E-08 3.56E-07 5E-07 

Average 2 0.0558 0.0797 0.3247 0.0132 0.0122 0.0554 0.0666 0.02218 

Standard deviation. 0.00045 0.000345 0.0013375 0.000420 0.000423 0.00032 0.00052 0.00114 

Variance 5.27E-07 1.19E-07 1.79E-06 1.76E-07 1.87E-07 1.05E-07 2.67E-07 1.29E-06 
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No of sample 
(continue) C Si Mn S P Cr Ni Cu 

Average 3 0.0562 0.0800 0.32522 0.0132 0.0122 0.0553 0.0666 0.2221 

Standard deviation. 0.00073 0.000371 0.001932 0.000414 0.000492 0.00033 0.00048 0.00074 

Variance 2.34E-08 1.38E-07 3.73E-06 1.71E-07 2.42E-07 1.09E-07 2.33E-07 5.44E-07 

Average 4 0.0563 0.0800 0.326 0.0133 0.0122 0.0554 0.0666 0.2221 

Standard deviation 0.00048 0.000294 0.0011547 0.00044 0.00498 0.00021 0.00046 0.00129 

Variance 2.96E-07 8.62E-08 1.33E-06 1.94E-07 2.48E-07 4.23E-08 2.1E-07 1.66E-06 

Average 5 0.0560 0.0800 0.326 0.0130 0.0120 0.0555 0.0668 0.2227 

Standard deviation 0.00054 0.000314 0.0011005 0.000346 0.000432 0.00024 0.00041 0.00106 

Variance 2.03E-07 9.88E-08 1.21E-067 1.2E-07 1.86E-07 5.79E-08 1.71E-07 1.12E-06 

Minimum variance 2.03E-09 8.62E-08 1.21E-06 1.2E-07 1.07E-07 4.23E-08 1.71E-07 5E-07 

A comparison of the calculated results of the Fisher-Snedecor test for five research samples (Table 3) was 
performed. The calculated values were compared with the Fkr value in each research case. 

Table 3 Fisher- Snedecor test results for individual samples [own study] 

No of sample C Si Mn S P Cr Ni Cu 

1 2.695 1.733 1.615 1.149 1.000 1.493 2.078 1.000 

2 1.001 1.378 1.477 1.473 1.742 2.480 1.559 2.578 

3 2.599 1.599 3.083 1.432 2.260 2.583 1.361 1.089 

4 1.154 1.000 1.101 1.622 2.311 1.000 1.227 3.11 

5 1.459 1.146 1.000 1.000 1.737 1.367 1.000 2.244 

For ten samples from the determination of chemical elements, their comparison with the critical value  
Fkr = 3.63 with probability of 95% was conducted. Because Fobl. (Table 3) < Fkr, it was assumed that there were 
no differences between variances. Thus, the research samples showed homogeneity. 

In Table 4 the minimum and maximum content of individual elements in the research samples were presented. 
For these values, the minimum and maximum variance was calculated. Then the T value according to the T-
Student test was calculated. 

Table 4 Calculation of T-Student test for individual elements [own study] 

 C Si Mn S P Cr Ni Cu 

Minimum content, % w. 0.0558 0.0797 0.325 0.0130 0.0120 0.05526 0.06661 0.2218 

Maximum contetn, % w. 0.0564 0.0800 0.326 0.0134 0.0123 0.05553 0.0669 0.2227 

Variance for minimum 2.03E-07 8.62E-08 1.21E-07 1.2E-07 1.07E-07 4.23E-08 1.71E-07 5E-07 

Variance for maximum 5.46E-07 1.49E-07 3.73E-07 1.93E-07 5.46E-07 1.09E-07 3.56E-07 1.66E-06 

Tobl 1.973 2.150 2.133 2.033 1.433 2.192 1.263 1.94 

For the 10 determined elements contained in the research samples, in the T-Student table the critical value  
Ttab = 2.62 was found. On the basis of the conducted calculations it was cobcluded that Tobl < Ttab. 
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Table 5 Class size distribution and cumulative population size for Si (silicon) [own study] 

Range Size Cumulative 
size 

Cumulative 
important, % Frequency, % Cumulative 

frequency, % 

0.0760 < x ≤ 0.0770 0 0 0.00 0.00 0.00 

0.0770 < x ≤ 0.0780 1 1 0.71 0.67 0.67 

0.0780 < x ≤ 0.0790 11 12 8.57 7.33 8.00 

0.0790 < x ≤ 0.0800 53 65 46.43 35.33 43.33 

0.0800 < x ≤ 0.0810 61 126 90.00 40.67 84.00 

0.0810 < x ≤ 0.0820 14 140 100.00 9.33 93.33 

No data available 10 150  6.67 100.00 

 
Figure 1 Normal distribution of spectral analysis results for control samples of silicon of 1006 grade  

steel melt [own study] 

Subsequently, the research samples, which were controlled for homogeneity, were subjected to a standard 
analysis on an emission spectrometer. This research was performed in an external enterprise Y. The analysis 
was carried out under repeatability and reproducibility at a certain time. The results of the analysis were 
adjusted for the difference between the spectral results and the actual value. Average is the result of at least 
two time of determination of chemical elements with standard deviation lower or equal to the inter-laboratory 
acceptable standard deviation for the specified analytical range. At the same time histograms were created 
and normal probability plots for individual elements were developed. The control charts X and the control S for 
individual elements were constructed. In the paper results for silicon content in the research samples were 
presented (Table 5, Figures 1 - 4). 

 
Figure 2 Normal distribution of probability of spectral analysis for silicon of 1006 grade steel melt [own study] 
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Figure 3 Control chart X of spectral analysis for silicon of 1006 grade steel melt  

1 - Central line; 2 - Upper control limit; 3 - Lower control limit; 4 - Upper warning limit;  
5 - Lower warning limit; Mv - Measurement points [own study] 

 
Figure 4 Control chart S of spectral analysis for silicon of 1006 grade steel melt  

1 - Upper control limit; 2 - Lower control limit [own study] 

4. CONCLUSION 

An analysis of the control sample from the material used for the production of 1006 grade steel bars with low 
content of silicon on validated research methods [9-10] according to the SPC rules which are in force in the 
laboratory Y, was carried out. At the same time a verification of records from smelting technological process, 
from which samples were taken for the research, was carried out. The control covered all relevant elements 
of the whole production process. The effect of the paper was also to check the predispositions of individual 
employees to the process of sample preparation and analysis execution. This allows to modify technological 
instructions and actions included in it. 

The conducted analysis made it possible to conclude that the research material was homogeneous in terms 
of chemical composition. This is evidenced by the conducted research and the basic results of statistical 
analysis. These results are the effect of the application of standards, procedures, technological instructions 
and principles of good laboratory practice. 
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Abstract 

The paper is devoted to the issue of co-financing of socially responsible activities of metallurgical companies 
operating in the Czech Republic from EU funds. The goal of the article is to formulate recommendations for 
the conduct of companies in this sector of the national economy in the programming period 2014-2020 based 
on an analysis of projects supporting socially responsible activities of metallurgical companies in the period 
2007-2013 and an analysis of relevant government documents and scientific studies. To begin with, the 
authors identify alternative areas of corporate social responsibility (economic, social, environmental, ethical 
and philanthropic area) and their activities. Consequently, they present a study aimed at co-financing of CSR 
activities in companies associated in Steel Federation, Inc. from EU funds in the programming period 2007-
2013. Attention is focused on co-financing of CSR activities from Operational Programmes Environment, 
Human Resources and Employment, and Enterprise and Innovation, which can be considered crucial in terms 
of co-financing of these activities. Selected indicators are evaluated and inspiring projects identified that can 
be considered examples of good practice. At the conclusion, recommendations are discussed and formulated 
for practice of metallurgical companies operating in the Czech Republic, focusing both on the material and 
procedural aspects of the co-financing of projects supporting socially responsible activities of these companies 
from EU sources. 

Keywords: Corporate social responsibility, CSR activities, project co-financed by European Union funds,   
        metallurgical companies. 

1. INTRODUCTION 

Current social, environmental and economic problems of the world are leading to a growing demand for the 
implementation of socially responsible behaviour of companies. Particularly significantly, this requirement is 
reflected in the case of the so-called socially sensitive or risk companies, e.g. mining, chemical, armament, 
but metallurgical companies [1]. The spectrum of potential socially responsible activities is wide. 
Implementation of each of these activities is associated on the one hand with certain costs and on the other 
hand with certain benefits of various scope and nature. These are then reflected in the perception of the 
company, i.e. its image, or reputation, see more e.g. in [2]. The fact is that the management of each company 
must primarily consider the interests of their owners and then other stakeholders. In designing the optimal 
portfolio of socially responsible activities carried out, they thus need to take into account not only their social 
benefits, but also their economic and non-economic impacts from the perspective of the company itself. A 
significant opportunity with a positive impact on the economic aspects of the implementation of socially 
responsible activities is the opportunity to co-finance selected socially responsible activities of the companies 
from EU sources. 

It is thus necessary to discuss opportunities to co-finance socially responsible activities of metallurgical 
companies operating in the Czech Republic from EU funds. The goal of the authors of the article is to formulate 
recommendations for the conduct of companies in this sector of the national economy in the programming 
period (PP) 2014-2020 based on an analysis of projects supporting socially responsible activities of 
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metallurgical companies in the PP 2007-2013 and an analysis of relevant government documents and scientific 
studies. 

2. LITERATURE REVIEW 

Jones [3] states that "Corporate social responsibility (CSR) is the notion that corporations have an obligation 
to constituent groups in society other than stockholders and beyond that prescribed by law and union 
contract.". According to the Organisation for Economic Co-operation and Development [4], "today, corporate 
behaviour must not only ensure returns to shareholders, wages to employees, and products and services to 
customers, it must also respond to societal and environmental concerns". The range of possible CSR areas 
and activities is wide, as illustrated in literature. See e.g. Carroll [5, 6], Kunz [7], Leisinger [8], Steinerova and 
Makovski [9] or Tetrevova et al. [1]. 

A summary of CSR areas is presented by Tetrevova [10]. She differentiates the following five areas: economic 
area (ensurance of products and services that are useful for the society in the required quantity and quality 
and for reasonable price, together with generation of an adequate profit for the owners), social area (respecting 
a wide range of needs and interests of employees), environmental area (preventing occurrence of negative 
externalities and pro-active environmental measures), ethical area (creation, fulfilment and promotion of wide 
application of ethical standards), and philanthropic area (implementation of corporate volunteering and 
corporate giving). 

Economic area activities can include applying the principles of corporate governance, ensuring transparency 
of business, providing high quality and safe products, creating and introducing innovations, and developing 
positive relationships with stakeholders [11]. The social area includes activities such as creating a good 
working environment, ensuring safety and health at work, taking care of staff training and development, 
creating high-quality system of employee benefits, ensuring equal opportunities in the workplace, ensuring 
freedom of association, supporting work-life balance, fighting against mobbing and harassment, building a 
healthy corporate culture or outplacement, see e.g. [7, 12]. Environmental area activities include, for example, 
the implementation of measures to ensure the maximization of energy savings and other resources or the 
minimization of waste, as well as measures to encourage recycling, investments in clean technologies, 
measures to promote resource conservation and biodiversity, application of preventive and remedial measures 
to reduce negative impacts on the environment and community, incentives to encourage initiatives that 
promote a responsible approach to the environment, measures to ensure compliance with the principles of 
sustainable development, production and consumption [13] or activities associated with reverse logistics [14]. 
Ethical area activities include, for example, the implementation of the corporate code of ethics, staff education 
and training to act ethically, ethical reporting, implementation of ethical audit, the establishment of corporate 
ombudsman office or a line to report unethical conduct, see e.g. [15, 16]. Philanthropic area activities include, 
for example, corporate volunteering, corporate giving, including corporate sponsorship and collaboration with 
NGOs [10]. See more e.g. in [1]. 

3. RESEARCH METHODOLOGY 

The basis for the creation of the present study was a literature review. Its contents were journals, books and 
conference proceedings as well as documents of relevant government institutions (including methodological 
materials relating to the support from EU funds in the PP 2007-2013 and 2014-2020). Given the 
multidisciplinary approach to the topic, these were sources from the areas of CSR, project management and 
public finance. The selection was influenced by the relevance and timeliness of the resources. 

The literature search was followed by a mixed research combining the advantages of qualitative and 
quantitative research through the application of a combination of methods and techniques of both approaches 
in a single study. The subject of the study was an analysis of projects co-financed from EU funds in the PP 
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2007-2013 aimed at promoting CSR activities of metallurgical companies. The research was conducted in 
January 2017. It focused on major metallurgical companies operating in the Czech Republic. Given the fact 
that the most important companies in the sector are associated in the Steel Federation, Inc., which is also the 
only association that unifies steel enterprises in the Czech Republic [17], attention was paid to companies 
associated in this federation [18]. Identified were members of the Federation who were implementers of 
projects co-financed from EU funds in the PP 2007-2013. In doing so, the database was used of implemented 
projects in the PP published on November 4, 2016 by the Ministry for Regional Development CZ [19]. This 
database was also used as a data source for an analysis of projects carried out by the monitored companies. 
Based on a content analysis of these documents, selected indicators were evaluated characterizing the scope 
and structure of financial support for the companies associated in the Steel Federation, Inc. with respect to the 
above-defined CSR areas and activities. Using analysis, synthesis, comparison and deduction, results were 
formulated and discussed and recommendations proposed for the practice of metallurgical companies. 

4. RESULTS AND DISCUSSION 

In the PP 2007-2013, CSR activities of metallurgical companies were financed mainly from thematic 
operational programmes (OP). Specifically, these were OP Environment, OP Human Resources and 
Employment and OP Enterprise and Innovation, see more in [20]. There were also other programmes with a 
positive impact on socially responsible behaviour of companies, but their role was not as crucial. 

The research shows that in the given PP the above EU sources were used by 7 out of 11 members of the 
Steel Federation, Inc., including the Federation itself. In total, they were involved in 56 projects. The largest 
proportion comprised projects from OP Environment (73 %), followed by OP Enterprise and Innovation (16 %) 
and OP Human Resources and Employment (11 %). The overall financial support for the monitored companies 
from the EU amounted to almost CZK 4 billion. The highest number of projects (23) was implemented by 
TŘINECKÉ ŽELEZÁRNY, a.s., the second highest (15) by ArcelorMittal Ostrava a.s. These companies also 
received the highest financial support. 

All companies in Steel Federation, Inc. give due consideration to the application of the CSR concept, as 
evidenced by the content of their websites. To co-finance CSR activities in the PP 2007-2013, most of them 
used EU financial resources. The financial support was used mainly to co-finance environmental CSR activities 
(45 projects, 96.8 % of the allocated financial support). Also supported were projects in the social sphere (8 
projects, 1.2 % of the allocated financial support), economic sphere (2 projects, 1.6 % of the allocated financial 
support) and philanthropic sphere (1 project, 0.4 % of the allocated financial support). See more in Table 1. 

In the environmental area, supported were mainly activities aimed at reducing emissions. However, financial 
support was also given to projects focusing on waste management and saving of resources. The examples of 
inspiring projects in this area include projects by TŘINECKÉ ŽELEZÁRNY, a.s. entitled "Innovating the 
Industrial Waste Treatment Process" or "Insulation Greenery Planting" or the project "Energy Savings in the 
Administrative Building of Vítkovické slévárny, spol. s r.o.". In the social area, attention was paid only to 
projects focused on employee training. An interesting project was e.g. the project "Staff Education Programme 
for Members of the Ferrous Metallurgy Association" by the Steel Federation, Inc., the project "Education - A 
Way to Develop the FERROMORAVIA Company" by TŘINECKÉ ŽELEZÁRNY a.s., or the project 
"ArcelorMittal Ostrava a.s. Training Centre" by the said company. In the economic area, financial means were 
intended to support innovations. Therefore, supported were two projects by Vítkovické slévárny, spol. s r.o., 
namely "Introduction of Serial Production of Innovated Calibration Forged Cylinders" and "Introduction of 
Production of Innovated HSS (KV5M) Cylinders". In the philanthropic area overlapping into the economic and 
environmental areas, a single project was implemented, namely the project "Construction of a Modern Energy 
Centre for the National Cultural Monument Dolní oblast Vítkovice using Non-Traditional Sources of Energy" by 
VÍTKOVICE, a.s. 
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Table 1 Support for CSR activities of companies in the Steel Federation, Inc. from EU funds  
   in the PP 2007-2013 (the number of projects/allocated funds in CZK) 

Company CSR Area ∑ 

Economic Social Environmental Ethical Philanthr. 

ArcelorMittal Ostrava a.s.  0 1 14 0 0 15 

0 6,750,700 1,595,236,419 0 0 1,601,987,119 

Hutnictví železa, a.s. 0 1 0 0 0 1 

0 13,236,281 0 0 0 13,236,281 

VÍTKOVICE STEEL, a.s. 0 0 1 0 0 1 

0 0 116,898,702 0 0 116,898,702 

FERONA, a.s. 0 0 0 0 0 0 

0 0 0 0 0 0 

ArcelorMittal Tubular 
Products Karviná, a.s. 

0 0 0 0 0 0 

0 0 0 0 0 0 

Vítkovické slévárny s.r.o. 2 1 9 0 0 12 

62,800,000 1,762,943 22,418,214 0 0 86,981,157 

SANDVIK CHOMUTOV 
PRECISION TUBES s.r.o. 

0 0 1 0 0 1 

0 0 1,527,684 0 0 1,527,684 

Třinecké železárny, a.s. 0 3 20 0 0 23 

0 11,919,880 2,086,063,866 0 0 2,097,983,746 

VÍTKOVICE, a.s. 0 2 0 0 1 3 

0 13,852,804 0 0 15,255,800 29,108,604 

VÚHŽ a.s. 0 0 0 0 0 0 

0 0 0 0 0 0 

Z-Group Steel Holding, a.s. 0 0 0 0 0 0 

0 0 0 0 0 0 

∑  2 8 45 0 1 56 

62,800,000 47,522,608 3,822,144,885 0 15,255,800 3,947,723,293 

Source: Processed by the authors using the data obtained from [18, 19]. 

In meeting strategic goals in the CSR area, the management of metallurgical companies should always assess 
the possibility of using EU funds. In view of the current PP 2014-2020, they should also take into account the 
following recommendations. Even in this PP, three national operational programmes play an important role in 
co-financing of CSR activities. These are OP Environment, OP Enterprise and Innovation for Competitiveness 
and OP Employment [21]. 

Within the OP Environment, metallurgical companies can receive funds to co-finance environmental CSR 
activities. Particularly, the support can be given within the priority axes: "Improvement of water management 
infrastructure and reduction of flood risks", "Improving the quality of air in towns and cities", "Wastes and 
material flows, environmental burdens and risks" and "Energy savings". The support can be given, for example, 
for reducing the environmental risks and developing the systems of their management, reducing emissions 
into the atmosphere or activities to prevent industrial waste, activities to reduce it or increase the use thereof. 
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Within the OP Enterprise and Innovation for Competitiveness, metallurgical companies can receive funds to 
co-finance the implementation of CSR activities in the economic and environmental areas, possibly 
overlapping into the social area. This OP can be used to co-finance CSR activities mainly within the priority 
axes: "Promotion of research and development for innovation", "Development of SMEs’ entrepreneurship and 
competitiveness" and "Efficient energy management, development of energy infrastructure and renewable 
energy sources, support for the introduction of new technologies in the management of energy and secondary 
raw materials". In particular, supported are investments in product and service development, technology 
transfer, social and environmental innovation as well as networking and clusters e.g. through the cooperation 
with universities and research institutions, efficient use of energy, activities to reduce its consumption and use 
of renewable energy sources and introduction of new technologies. 

Within the OP Employment, metallurgical companies can get support to implement CSR activities in the social 
area. In particular, they can use the priority axis "Supporting employment and workforce adaptability". 
Therefore, supported can be e.g. activities to improve qualification as well as the creation of educational 
clusters, work experience and placement in enterprises, cooperation with educational institutions and 
outplacement. The support can also be obtained for work-life balance, e.g. in the form of creating more flexible 
forms of employment or building children's groups. Funds can also be given to projects to innovate the 
workplace or exploit the potential of migration. In the process, metallurgical companies can be not only direct 
applicants and project investigators, but they can receive the financial resources to co-finance CSR activities 
as partners when engaging in projects run by other organizations. 

To expand the use of these resources and increase the probability of obtaining thereof, it is the necessary for 
the management of metallurgical companies to specialize the staff in this issue, or use the services of 
specialized consulting firms. That will allow them to track the latest information on the various challenges and 
conditions of the support. At the same time, it will allow them to prevent potential problems associated with the 
failure to comply with the established rules. These specialized workers should also focus on the possibility of 
obtaining support from alternative public resources at both the national and international levels. To increase 
the success of project management, from the perspective of metallurgical companies operating in the Czech 
Republic, they need to educate their staff in project management. It is also necessary for them to develop and 
subsequently expand organizational standards for project management support. They also need to use the 
methods and tools of project management in an adequate extent with respect to relevant phases of the project 
lifecycle, the type of projects and the efficiency of the entire project management process. It is also necessary 
to develop a project environment leading to increased pressure on the adherence to the Project Management 
Triangle. 

5. CONCLUSION 

The research shows that metallurgical companies operating in the Czech Republic in the PP 2007-2013 failed 
to use the full extent of all possibilities to co-finance their CSR activities from EU sources. However, a number 
of metallurgical companies implemented a large number of inspirational projects that can become an example 
of good practice for the future. To transfer know-how, it is also expedient if the companies are members of 
professional associations, such as the above Steel Federation, Inc. In the PP 2014-2020, it seems advisable 
for the metallurgical companies operating in the Czech Republic to implement the recommendations made in 
this paper. These measures should subsequently lead to broadening the spectrum of the utilized potential 
resources for co-financing CSR activities, to expanding the factual focus of the projects, but also to greater 
success of the projects submitted and carried out. 
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Abstract  

The complexity of metallurgical companies' operations in the 21st century means that the assessment of the 
social and economic effects of metallurgical production must also refer to the rational development of degraded 
brownfield sites and attempts to reconstruct their environmental status before the economic period of 
exploitation. Revitalization is to be understood as the repair of degraded areas through total projects 
(integrating activities for the local community, space and local economy) territorially focused and coordinated 
in cooperation with the local community in a planned and integrated way by identifying and implementing 
revitalization programs. The article focuses on showing the quantity, status and ownership structure of areas 
degraded by the steel industry in Upper Silesia. The main problems of regeneration processes were defined 
and the principles under which revitalization can be effectively implemented were characterized. The directions 
of managing the revitalization process were also indicated and the main assumptions for the model of the 
regional regeneration operator were presented. This kind of approach is particularly important in the case of 
significant territorial concentration of degraded brownfield areas, which are significantly threatening the 
environment in the form of so called "ecological bombs". Agglomeration of the metallurgical industry in Upper 
Silesia predestines this region to intensify its efforts to restore the environmentally sound areas of the region.  

Keywords: Metallurgical industry, revitalization, revitalization operator, post-industrial brownfield sites,  
                     environmental risk 

1. INTRODUCTION 

Contemporary meaning of the „revitalization” term requires a complex approach to many different areas that 
makes the urban organism functioning. These are: economic, social, ecological and also legal, financial and 
planning spheres. Undertaking and realization of revitalization programs is especially important not only due 
to improvement of living conditions and public area quality but also due to a fact that it’s a significant city 
competitiveness growth factor in the over-local or even over-national scale. The Assumptions of Agreement 
for Integrated Development Policy for Silesian Region emphasize, first of all, restitution of economic and 
investment value to the post-industrial areas. One of the most important problems in Silesian Voivodship, both 
for its development and living quality of its inhabitants, is to restrain degradation of the areas, on which earlier 
an intensive industrial activity existed, including especially the post-mining or post-metallurgical areas. The 
governmental side, and especially the Development Ministry conducts research for preparing the Polish 
revitalization supporting system including such elements as a.o.: Revitalization Act, National Revitalization 
Plan or Guidelines for revitalization in frames of the operational programs for the years 2014 - 2020. Actions 
relating to revitalization belong also to wider context of Ministry actions for country’s spatial policies and 
especially to the State Regional Development Strategy 2010 - 2020 and to the Country Spatial Management 
Concept 2030 [1]. These solutions are followed by actions (plans, financial programs) taken by governmental 
or self-governmental authorities at both regional and self-governmental levels [2]. These assumptions are 
connected with role of enterprises or communes that govern the degraded areas and are obliged to take 
repairing actions and with significance of institutions supporting within the financial and R&D areas. Moreover, 
the revitalization processes strongly engage the community. However, the social agreement only cannot 
substitute objective quality factors included first of all in proper technical rules, standards, legal acts or project 
efficiency elements. According to the Assumptions of Agreement for Integrated Silesian Voivodship 
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Development Policy, restitution of economic and investment value requires engagement of wide group of 
investors, with whom cooperation is necessary during all the given project revitalization process [3]. The aim 
of the article is to show an approach to revitalization processes - including in the metallurgical industry - in the 
Silesian region. 

2. LITERATURE REVIEW 

Revitalization term relates to actions carried out on the existing urbanized areas, which significantly differs 
them from terms defining actions focused on planning and realization of new build units on some new areas. 
The revitalization actions should include reconstruction of devastated but once living urban areas (e.g. old city 
centers), strongly depreciated or even lost due to industrial actions, war perturbations, post-war devastations 
or demolitions. It’s difficult to imagine them as durable post-city empty spaces, thus their reconstruction causes 
a revitalization of such areas and the entire city too. The revitalization term includes also actions relating to 
restructuring of post-industrial or post-military areas. Thus, the revitalization term is very wide and aims of the 
actions involved are strongly differentiated. The post-industrial area revitalization consequence is erection of 
modern, attractive urban spaces, corresponding to the current needs of dynamically developing cities. Such 
places represent high architecture level and also are very popular and interested to society. Revitalization term 
relates to actions carried on the existing urbanized areas, which significantly differs them from terms defining 
actions focused on planning and realization of new build units on some new areas. The revitalization actions 
should include reconstruction of devastated but once living urban areas (e.g. old city centers), strongly 
depreciated or even lost due to industrial actions, war perturbations, post-war devastations or demolitions [4].  

It’s difficult to imagine them as durable post-city empty spaces, thus their reconstruction causes a revitalization 
of such areas and the entire city too. The revitalization term includes also actions relating to restructuring of 
post-industrial or post-military areas. Thus, the revitalization term is very wide and aims of the actions involved 
are strongly differentiated. Therefore, all the revitalization actions, known from West European examples, did 
subject to very complicated legal regulations. They were also intensively managed by a public sector and 
supported with means coming from state or regional budgets. It seems to be reasonable to ensure high 
accumulation to investors and also necessary participation of public authority as condition of successful 
revitalization process. Defeat of revitalization process is highly probable if necessary concentration of efforts 
and taking transformation with proper changing scale isn’t properly taken into account. In many post-industrial 
spaces on the Upper Silesia area, especially in hard-coal mining or metallurgy concentration places problems 
have arisen due to city function underdevelopment. This phenomenon causes that the cities cannot guarantee 
to their inhabitants proper shopping, education, cultural or health care services, not mentioning the economic 
functions or technical infrastructure ensuring development of jobs. It’s a rule that on the post-industrial (mining 
or metallurgical) areas inhabited by local societies long lasting unemployment phenomenon remains. People’s 
earnings are low, with large share of not enough social help [5].  

Low or improper education level, not enough for current requirements, results in social pathologies which 
cause advancing process of the area, material substance and social & economic structure degradation. Weakly 
scale till now, depending on population income and wealth level, the space segregation phenomenon occurs 
in metropolis and big cities in Poland [6]. The revitalization processes are realized in many European countries 
for decades. Their experience gives large knowledge spectrum relating to solutions and managing the 
operator’s revitalization system as effective degradation detention practice and restoring the economic, 
investment and social values of post-industrial areas. Such practice in France or Germany describes use of 
the revitalization model employing regional level operators, while experience of Great Britain and Spain relate 
to implementing of the Revitalization Operator on a country level [7]. European experience allows formulation 
of assumptions for the revitalization operator in this article. Therefore, the proper and effective revitalization 
strategy must include actions on space & functional, investment & building, social & economical levels. It 
should be pointed out that within the financial prospective 2014 - 2020 the main source of co-financing of 
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revitalization projects by EU funds shall be the operational programs [8]. Moreover, the revitalization program 
project co-financing sources shall be the budget means coming from the state, local self-governments and 
also other means, including private ones [9]. Key significance, according to obligatory rules shall have local 
(commune or municipal) revitalization programs because the revitalization projects applying for public support 
must result from obligatory revitalization programs meeting requirement defined in „Guidelines for revitalization 
in operational programs for years 2014 - 2020” [10]. 

3. METHODOLOGY OF RESEARCH AND RESEARCH RESULTS 

The Voivodship space divides to 4 sub-regions 
being, according to the Silesian Voivodship 
Development Strategy, the Voivodship 
Development Policy Areas: Central (5.578 km²), 
Western (1.354 km²), Northern (3.047 km²) and 
Southern (2.352 km²). Analysis of the Open 
Regional Space Information System of the Territorial 
Regional Investment Strategy of sub-regions, 
supplemented with additional databases relating to 
the area authorities, show that the total volume of 
degraded and devastated areas in Silesian 
Voivodship is almost 7.000 hectares. Total area of 
post-coal waste dumps is about 2.500 hectares and 
the other post-industrial areas, including the 
degraded or devastated ones is over 4.500 
hectares.   

Analysis of the arrangement (Figure 1) shows unequivocally that the most of areas demanding intervention is 
located in the Central Sub-region - over 4.000 hectares (60 %). While the Southern Sub-region has, after 
verification of the ORSIP base and taking into consideration the sub-regional RIT strategy, only over 150 
hectares (2 %) of the area, requiring revitalization. The Western and Northern Sub-regions have totally over 

2.000 hectares (38 %) of the area. Area of industrial 
waste dumps, other than the post-mining ones (see 
Figure 2) belongs mainly to the Central - over 400 
hectares and Northern - over 200 hectares Sub-regions. 
Land reclamation and revitalization processes on these 
areas depend on pollution and devastation levels, 
therefore each area should subject to separate analyses 
and projects. 

Analysis of the post-industrial area governing subjects 
structure, including those degraded and devastated, 
having title deeds show voids in available bases or 
documents. In the Wide-available Information Platform - 
Post-industrial Areas (OPI-TPP) there is information 
relating to the area managers. The legal title owner 
should be verified individually basing a.o. on decisions 
issued by the Marshal Office. It’s planned in the regional 
structures to make the decisions available within next 
year keeping necessary enterprise secrets. The subject 

Figure 1 Arrangement of post-industrial waste 
dumps by Sub-regions.  

Source: own study. 

Figure 2 Industrial waste dump areas, other 
than post-mining ones by sub-regions [ha]  

Source: own study. 
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structure of the post-industrial area managers, including first of all those degraded and devastated in all the 
Silesian Voivodship taking into consideration the analyzed space areas, shows Figure 3. 

 

Figure 3 Subject structure of post-industrial area managers, including those degraded and devastated 
in Silesian Voivodship taking into consideration the analyzed space areas. Source: own study. 

The post-industrial area managing subject structure analysis, including first of all the degraded and devastated 
areas, shows that the legal and natural persons manage over 36 % of the degraded areas, next there are 
communes and districts - over 25 %. This means that the Revitalization Operator must realize a double-sided 
policy. From one hand, he should gain the areas from legal or natural persons, and from the other hand he 
should cooperate with communes.  

It should be pointed out that the data included in the Wide-available Information Platform - Post-industrial Areas 
(OPI-TPP) haven’t been verified for 3 years and the data relating to managing subject may, in some cases, 
relate to subjects having a legal title. Therefore, the Revitalization Operator shall permanently supplement the 
database relating to the area managers because 26 % of the identified post-industrial areas, including those 
degraded, located in Silesian Voivodship has no data relating to the area managing subject.   

Specifics of revitalization as a process of complex changes realized for inhabitants, in close agreement with 
the revitalization interested, requires regulation of all problems due to a society participation in this process.  

From the revitalization point of view especially important are rules relating to information availability for all the 
citizens, including the right of access to information about public power organs activities (art. 61) and also a 
social dialogue, including dialogue and cooperation between different social groups (art. 20). 

Areas requiring social & economic revitalization, according to stipulations of the State Regional Development 
Strategy characterizes a.o. with the following trends or features: drop of population number, weak jobs creation 
dynamics, low initiative, unemployment, poverty, social exclusion, specific demographic trends, e.g. ageing of 
local population, decay of family ties, stagnation on property market - perception of the area as non-attractive, 
high delinquency level, low extra-governmental organizations activities, low habitants activity measured by 
election absence, alcohol or drugs addiction problem, home violence, large percentage of national minorities 
(tensions between local people and immigrants), weak education level, degraded status of living quarters.  

It should be kept in mind that within the social area the public initiative includes all the subjective imagination 
of reality, created in people minds as result of perception, mass-media influence or transfer of informal 
information. The Act foresees obligation of carrying social consultations during proceeding the acts taken 
basing on its stipulations, i.e. resolution relating to demarcation of the degraded area and revitalization area 
as well as the commune revitalization program. The social consultations shall also be preceded by taking 
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resolution defining principles of the Revitalization Committee assignation and activity principles. Moreover, the 
Act rule of art. 6 defines common regulations relating to carrying social consultations, disregarding their 
subject. 

The assigned Revitalization Operator cannot concentrate only on a high quality of the realized works and 
improvement of product concepts, he must take into account all - often crossing or even inverse - interests of 
social players, directly and vitally interested in success of the taken revitalization actions.   

Revitalization is one of the Government activity priorities. The central authority role is enabling and wide-
spreading revitalization actions in the most degraded country areas. Therefore, identified need of development 
of legal frames and initiation of effective system solutions and enrichment of the financing source palette as 
well as widespread of knowledge and revitalization carrying model were made at the country level. 

Currently the Development Ministry works in order to prepare the system for revitalization supporting in Poland. 
The system elements are a.o. Revitalization Act, National Revitalization Plan and Guidelines for revitalization 
in operational programs for the years 2014 - 2020. The revitalization actions are also inscribed into a wider 
context of Ministry actions relating to a spatial country policy, especially the State Regional Development 
Strategy 2010 - 2020 and the Country’s Spatial Development Concept 2030, a.o. in the range of:  

 restitution and consolidation of a space order, 
 counteraction to suburbanization and optimization of management of the space and environment 

resources, mainly by giving a priority to investments the brown-field type instead of green-field one,  
 deep reconstruction and adaptation of degraded objects to be able to meet new functions, e.g. cultural, 

recreation, social or economic ones, 
 land reclamation of degraded areas for natural purposes.   

The revitalization supporting system consists of the following pillars:  

 legislation solutions meaning changes of obligatory rules and creation of new ones,  
 revitalization supporting tools, including especially actions in frames of particular public policies for 

realization of complex, integrated revitalization programs (using preference mechanisms, territorial tool 
differentiation, etc.), 

 financing of actions in frames of complex revitalization programs, 
 information and substantial support, including a/o pilot projects. 

According to the Agreement for Integrated Silesian Voivodship Development Policy, assignment of the 
Revitalization Operator shall enable the use of the support tools, including taking industrial activity using 
patents, technologies and solutions developed by Polish scientists in cooperation with scientific institutions or 
authors of those solutions - activity subject consistent with intelligent regional specializations. Efficiency of this 
mechanism requires also a significant financial support of the schools and other scientific institutions 
(especially Silesian ones) in the range of identification, working-out and testing the ideas and inventions for 
possibility and justification of their commercial use. To be recognized - establishing of Silesian Technology 
Transfer Centre - as school-consortium for preparing and verification of interesting technical discoveries and 
ideas and finding business partners that may be interested in their use or participation in the spin-out type 
companies suitable for it. 

Thus, the Revitalization Operator may perform the role of Partner, Expert or Trustee of governmental or self-
governmental authorities in the range of revitalization as Initiator of many cooperation forms, significant 
regional Employer, Innovator in the range of creation of new organizational, management or product solutions.  

Due to the existing problem scale and levels the two basic Revitalization Operator models are suggested: 
 Central Revitalization Operator Model (Figure 4), 
 Regional Revitalization Operator Model (Figure 5). 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2211 

The Revitalization Operator Management System includes the following assumptions: 

 institutional, indicating subjects participating in the operator’s system,  
 formal & legal, including the Revitalization Operator assignment frames and ranges. 

 
Figure 4 Central Revitalization Operator Model. Source: own study. 

The Regional Revitalization Operator Model assumes creation of the operator system in Silesian Voivodship, 
with a key role of the Development Ministry Proxy. Details shown in Figure 5.  

 
Figure 5 Regional Revitalization Operator Model. Source: own study. 

Scope of necessary revitalization works may be strongly different depending on the given degraded area type. 
Moreover, the priority Revitalization Operator tasks shall include verification of action direction, including 
identification of complex actions relating to synergic revitalization of different type areas. Selection of areas to 
be revitalized should take into account first of all the criteria deciding their investment attractiveness, including: 
access to a road infrastructure, density of population (ready market size for commercial activity or labor market 
for production activity), economic infrastructure (business environment institution density, proximity of scientific 
& research centers, proximity of economic zones, etc.). It should be kept in mind that during definition of land 
reclamation of each particular area it’s necessary to take into account a wide spectrum of criteria: economic 
(economic calculation), formal & legal (ensuring protections resulting from law rules), geological & engineering 
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(individual features of post-industrial areas), hydrological, cultural, spatial, social and natural factors. 
Therefore, precise estimation of total land reclamation costs requires detailed analyses of each degraded area 
according to the Operator’s Algorithm of the Standard Revitalization Process Procedures. 

4. CONCLUSION 

In case of susceptible actions the Revitalization Operator should take into consideration possibilities and limits 
of actions within social groups and according to the social consulting system [11]. All the phenomena deciding 
a necessity of taking revitalization actions such as high intensity of social help use, especially due to a poverty 
problem, relatively high unemployment and delinquency, low inhabitant initiative and high percentage of 
employed in traditional economy sectors occur with high intensity on the analyzed areas. Implementation and 
use of the Operator’s Algorithm of the Standard Revitalization Process Procedures requires implementation of 
the project management system. Project Management system is a basic tool for Revitalization Operator 
enabling him implementation of a business model, which shall allow creation of market relation and 
competence advantage, connected with works realization quality. The Revitalization Operator Projects should 
be grouped and portfolio managed in coordinated way in order to obtain advantages and control impossible to 
obtain if managed individually. 

We propose a creation of the project management system the main elements of which are:  

 Operator’s algorithm application for the standard revitalization process procedures,  
 detailed planning, budgeting and monitoring of project tasks, 
 cooperation and outsourcing management using the model of integrated management (cooperation) 

with the interested, 
 project mapping, analysis and risk evaluation, 
 modern project management tools application (agile project management - Agile, ICT tools), 
 use of the R+D+I sphere potential, 
 product and revitalization service certification, 
 selection and development of competent employees. 
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Abstract 

Issues related to reducing the use of natural resources, including metals and fossil fuels, are an important 
element of environmental management in the European Union. The paper presents the results of the LCA (Life 
Cycle Assessment) and the use of natural resources for various options of septic tanks. An assessment of 
septic tanks made of reinforced concrete, glass-reinforced plastic and high density polyethylene was made. 
Based on the carried out analyses it has been shown that concrete tanks are characterized by the lowest 
indicator of fossil fuels depletion and at the same time the highest indicator of depletion of metals, especially 
iron, chromium, manganese, molybdenum and nickel. The highest consumption indicator of fossil fuels is 
characteristic for septic tanks made of glass reinforced plastic. The carried out works enable the design of 
septic tanks with the lowest consumption of natural resources. 

Keywords: Metal septic tanks, plastic septic tanks, metal and fossil fuels depletion, life cycle assessment,  
         natural resources management 

1. INTRODUCTION 

Septic tanks are one of the elements of the wastewater collection system. Their task is to collect sewage from 
households or buildings where domestic sewage is formed which needs to be treated. The basic feature of 
septic tanks is the isolation of wastewater from the groundwater environment. A sealed tank requires 
systematic emptying and disposal of wastewater into a collective treatment plant for treatment [1-6]. 

Septic tanks can be made of different materials; however, most often they are made of: 
 reinforced concrete,  
 HDPE - High-Density Polyethylene,  
 GRP - Glass-Reinforced Plastic.  

Reduction of natural resource depletion is one of the key elements of the strategy in the European Union for 
many branches of industry [7]. Based on a critical review of reference literature, it has been stated that no work 
has yet been done related to the analysis of the consumption of natural resources, including metals and fossil 
fuels, with regard to residential wastewater septic tanks. No potential environmental burden associated with 
the construction and use of tanks, which would make it possible to choose such tanks which are the least 
environmentally harmful, and in particular minimize the depletion of natural resources, has been presented.  

The aim of this paper is to present the LCA technique to indicate all factors that have potential impact on the 
consumption of metals and fossil fuels used in the production of septic tanks. 

2. METHODS 

Septic tanks made of reinforced concrete, high density polyethylene and glass-reinforced plastic were 
subjected to life cycle analysis. The analyses were carried out for real conditions of application of septic tanks 
in Żory. The city of Żory is in over 90% operated by a sewage network transporting wastewater to a collective 
sewage treatment plant, while the rest of the users use individual solutions with respect to collection and 
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treatment of wastewater, including septic tanks. The number of exploited septic tanks in Żory at the end of 
2015 was 793, of which 567 made of concrete, 155 made of HDPE and 71 made of GRP [8]. The average 
capacity of the tank is 10 m3, which allows the monthly collection of sewage from a typical household. Septic 
tanks in Żory serve 2 379 ENI (equivalent number of inhabitants understood as a charge of biologically-
degraded organic substances in tanks expressed as a five-day biochemical oxygen demand (BZT5) in the 
amount of 60 g oxygen per day [9]. Septic tanks in Żory are mainly located in the suburban area, in the area 
of one-family houses, where the sanitary sewage network does not exist. Wastewater from the tanks is 
transported by sewage trucks to Żory sewage treatment plant. 

(a) (b) (c) 

Figure 1 Examples of septic tanks made of a) reinforced concrete, (b) high-density polyethylene  
(c) glass-reinforced plastic 

Source: own photo collection 

Septic tanks made of reinforced concrete have the shape of a monolithic roller or cuboid of any capacity. It 
may have one or two chambers separated by an overflow plate with a 160 mm diameter hole located at the 
top edge. Tightness of the tank is achieved by the use of high-grade reinforced concrete and asphalt-rubber 
sealant. The bottom of the trench for the septic tank is covered with the thin layer of concrete (class B 7.5) and 
then the reinforcement and the main concrete layer are laid. Concrete for walls is laid in a formwork (tank walls 
should be 15 cm thick and be reinforced), remembering to connect a sewer pipe. Similarly, the plate covering 
the tank is treated. Concrete mix must be of class B 20, it must contain sealers in appropriate proportions, and 
after laying it must be compacted using specialized equipment. The material from which septic tanks are made 
additionally include waterproofing admixture. The advantage of the tanks is the high external load bearing 
capacity, also caused by considerable mass (several tons). As a rule, there is no need to anchor them in the 
ground. At present, septic tanks are made as prefabricated products, ready to mount in the ground. 

Glass-reinforced plastic septic tanks are light in weight (they are easily transported and placed in the trench) 
and in various shapes (flat, cylindrical, rectangular), usually specially reinforced. They are also durable, 
resistant to chemical corrosion and environmental impact, and the only disadvantage of plastic waste tanks is 
low load resistance. They can be crushed by a layer of earth or damaged by rocks, for example, while being 
covered with earth. Before covering the tank with earth, the tank is filled with water so that it is not crushed 
during covering with earth while performing leakage test. 

SimaPro 8 and ecoinvent 3 were used to assess natural resources consumption in the life cycle of the system. 
The ReCiPe Midpoint methodology was used to assess the life cycle of the tanks, which allows the presentation 
of the main potential environmental hazards associated with the technology and product life cycle [10]. 
Analyses were made for three tank options depending on the materials used. Option 1 refers to the production 
of steel-reinforced concrete tanks, option 2 for the manufacture of glass-reinforced plastic (GRP) tanks, and 
option 3 for high-density polyethylene (HDPE). The limit of the system includes the stage of tank construction. 
The functional unit (FU) is 1 piece of a septic tank. 
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For septic tanks used in Żory, Life Cycle Inventory (LCI) was performed, which is essential for the life cycle 
assessment of the tank construction phase. The source of data was real data on the construction of tanks 
obtained from users and tank producers, as well as the Municipal Office of Żory [8, 11]. The data analysis for 
the stage of septic tanks construction includes the processes of materials and raw materials consumption and 
earthworks for both the tank itself and the section of the canal 160 made of PVC draining wastewater from 
the building to the tank. In the data inventory also own research related to the implementation of investments 
in this field was used. The collected data is shown in Table 1. 

Table 1 Data inventory for septic tanks - construction stage, in reference to FU. 

 Construction of one septic tank  Unit Option 1 Option 2 Option 3 

1 Sand consumption kg 3 274.08 3 274.08 3 274.08 

2 Gravel consumption kg 1 591.20 0.00 0.00 

3 Concrete consumption m3 3.49 0.00 0.00 

4 Steel consumption kg 163.33 0.00 0.00 

5 Cast iron consumption kg 63.50 0.00 0.00 

6 PCV consumption kg 25.08 24.10 24.10 

7 Asphalt-rubber sealant consumption kg 27.96 0.00 0.00 

8 Plastic consumption kg 0.00 240.00 0.00 

9 HDPE consumption kg 0.00 0.00 210.00 

10 Earthworks m3 29.28 29.28 29.28 

11 Water consumption - leakage test kg 7 000.00 7 000.00 7 000.00 
Source: Own calculations based on user data and tank manufacturers 

3. RESULTS AND DISCUSSION 

The results of the LCA assessment carried out in accordance with the ReciPe Midpoint method are shown in 
Table 2. It was shown that HDPE tanks generate the lowest greenhouse gas emissions while GPR tanks have 
the highest GHG emissions. Table 3 shows the determinants of metal consumption in tank production, while 
Table 4 shows the determinants of fossil fuel consumption in the tank production process. 

Table 2 Life cycle assessment of the process of septic tanks production with respect to FU 

Impact category Unit Option 1 Option 2 Option 3 

Climate change kg CO2 eq 1431.186 1841.319 605.4882 

Ozone depletion kg CFC-11 eq 6.19E-05 0.000169 0.001612 

Terrestrial acidification kg SO2 eq 3.622 5.199 4.368 

Freshwater eutrophication kg P eq 0.313 0.369 0.006 

Marine eutrophication kg N eq 0.181 0.239 0.132 

Human toxicity kg 1.4-DB eq 387.575 417.637 79.233 

Photochemical oxidant formation kg NMVOC 4.099 4.919 10.468 

Particulate matter formation kg PM10 eq 2.576 2.367 1.292 

Terrestrial ecotoxicity kg 1.4-DB eq 0.059 0.159 0.081 

Freshwater ecotoxicity kg 1.4-DB eq 14.311 14.651 0.598 

Marine ecotoxicity kg 1.4-DB eq 14.509 14.196 1.302 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2217 

Impact category (continue) Unit Option 1 Option 2 Option 3 

Ionising radiation kBq U235 eq 156.396 98.325 128.557 

Agricultural land occupation m2a 19.604 72.562 0.189 

Urban land occupation m2a 11.450 8.180 0.151 

Natural land transformation m2 0.222 0.123 0.008 

Water depletion m3 42.795 51.595 24.937 

Metal depletion kg Fe eq 852.428 59.401 5.618 

Fossil depletion kg oil eq 274.037 574.353 413.401 

Source: own analysis 

Table 3 Metal consumption in the process of septic tanks production, kg Fe eq/FU 

Metals Option 1 Option 2 Option 3 

Chromium 126.364 9.519 0.152 

Iron 250.866 7.981 2.323 

Manganese 276.453 3.768 0.206 

Molybdenum 16.460 0.159 0.009 

Nickel 163.252 11.382 0.137 

Remaining substances 19.033 26.592 2.790 

Source: own analysis 

Table 4 Fossil fuels consumption in the process of septic tanks production, kg oil eq/FU 

Fossil fuels Option 1 Option 2 Option 3 

Brown coal 7.630 18.172 0.613 

Hard coal 115.555 87.842 2.357 

Natural gas 34.773 199.096 11.733 

Petroleum gas 0 0 19.614 

Crude oil 113.623 267.716 362.818 

Remaining substances 2.449 1.527 16.265 

Source: own analysis 

As a result of the LCA analyses for septic tanks, it has been shown that reinforced concrete septic tanks are 
characterized by the highest consumption indicator for metals, especially manganese, iron, nickel and 
chromium. The lowest metal consumption indicator is characteristic for tanks made of plastics. It has also been 
shown that tanks made of reinforced concrete have the lowest fossil fuels consumption indicator, while the 
highest value of this indicator has been shown by tanks made of glass-reinforced plastic. This is related to the 
high consumption of crude oil and natural gas in the equipment production process. The highest consumption 
of crude oil occurs during the production of HDPE tanks. In subsequent stages of the work, LCA analyzes are 
planned to be carried out for the stage of tank operation and decommissioning, to show the cumulative 
consumption of metals and fossil fuels throughout the life cycle, including the management of the individual 
materials they are made of. 
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4. CONCLUSION 

Efficient use of metal resources and fossil fuels is at the heart of European Union policies aimed at promoting 
sustainable development. That is why analyses are important to identify the depletion of these resources in 
production processes. The paper presents an analysis of the use of metals and fossil fuels in the production 
processes of septic tanks. It has been shown that septic tanks made of reinforced concrete are characterized 
by the highest value of metal consumption indicator and fossil fuels consumption indicator. The value of the 
metal consumption indicator at the tank construction stage is determined first and foremost by the amount of 
steel used in this case to reinforce the tank construction. In order to obtain a full picture of the analyses carried 
out, a full environmental analysis for plastic tanks covering the construction, operation and decommissioning 
stages is planned. 
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Abstract   

5S method belongs to a group of tools comprising Lean Manufacturing, the proper implementation of which 
makes it possible to standardize production operations, improve the quality of manufactured products and 
systematize production and organizational operations which have a direct impact on the effectiveness and 
capabilities of the manufacturing process. The aim of the article is to present practical aspects related to the 
implementation of 5S method in the production enterprise which executes casting operations for the 
automotive industry. The analysis covered a group of activities and the way individual pillars of 5S method 
were adapted, enabling the provision of real benefits for production enterprises, directed on constant 
development of product quality as well as ergonomics and safety of work on the selected production position. 
It was proposed to conduct Kaizen workshops which serve as a useful tool in order to solve problems on 
workplace and improve operations being executed.  

Keywords: Lean Manufacturing, 5S method, Kaizen workshops 

1. INTRODUCTION 

Lean Manufacturing (LM) is a management concept, the basis of which is constant improvement of production 
processes and minimization of wastes (Muda) which arise during the production [1].  

The enterprise's wastes usually involve seven causes which include the following [2,3]:   

 overproduction - various types of products are manufactured which are not in demand, the result of 
which is the increase in stocks and related financial losses of the enterprise,  

 waiting - the production process is stopped due to, e.g. failure to supply necessary components to 
conduct the operation, 

 unnecessary inter-operational transport - failure to define optimal transport paths between production 
positions,  

 over-processing or incorrect processing of selected products - inaccurate activities are performed which 
do not meet assumed technology,  

 too large number of stocks - surplus stock at each stage of production ((all components, work in process, 
and finished product),  

 unnecessary motion - ergonomically inadequate placement of machines, devices, tools in the production 
hall and production position,  

 defects - production process is inadequate and high level of imperfection occur which result in many 
defects in manufactured products and the need to correct them.    

In order to minimize wastes and improve the level of production and work, in most production plants it is worth 
implementing standardized methods which make it possible to improve selected aspects related with the 
functioning of the manufacturing process. The application of methods and tools which improve production 
process make it possible, among others, to lower costs incurred by the production plant while increasing its 
manufacturing capabilities which have direct impact on the increased market competitiveness of the enterprise. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2220 

The proper implementation of selected LM tools has also impact on health and safety of work and enables 
creation of the environment which favours improvements in everyday production operations.  

5S method is one of the basic LM tools enabling the improvement of effectiveness of the executed operations 
along with the increased safety and ergonomically placed production environment. The growing popularity of 
5S method and its direct impact on the improved level of the organization of production process caused that 
the method is implemented in production plants having different business profile. The article presents the 
implementation process of 5S method in the production plant which specializes in casting production for 
automotive industry. Different stages of the implementation process and the impact on the improvement of the 
organizational parameters were characterized.   

2. THE ESSENCE OF 5S METHOD  

5S method is often wrongly associated only with the arrangement of objects within the production hall and 
regular cleaning of the production positions. In reality, however, this method makes it possible to change the 
enterprise's culture and the way of thinking on the execution of production operations. It is easier to identify 
problems when workplace and production halls are properly maintained. The implementation of 5S method is 
a basis for future development of the enterprise and necessary element for the implementation of subsequent 
tools improving organization of production processes which form LM concept [1]. 5S method defines 5 
Japanese words meaning as follows: sort, set in order, shine, standardize and sustain. Words, corresponding 
to particular activities, describe basic assumptions of 5S method, the execution of which is to enable the effect 
in the form of standardized environment and general awareness of workers concerning the goal of the method 
implementation (Table 1).     

Table 1 Characteristics and the goal of 5S method implementation [3,4] 

5S Meaning Goal Result 

Sort 
Arrangement and selection of 
all objects located at the area 
of the workplace 

Improvement of work and 
safety 

 

Effective use of the area of the 
workplace, shortening of the 
time of operation 

Straighten 
Standardization of placement of 
tools within the production 
position 

Reduction of costs and time of 
auxiliary activities, 
improvement of safety and 
work ergonomics 

Facilitating access to tools on 
the production position, 
improvement of the safety of 
work 

Shine 
Elimination of pollution, wastes 
and unnecessary objects from 
the workplace 

Ensuring cleanliness, 
improvement of safety, 
reduction of the likeliness of the 
occurrence of machine failure 

Facilitating access to tools on 
the position, determination of 
the first signs of failure 

Standardize 
Implementation of standardize 
process of execution of 
particular activities included in 
5S methodology 

Implementation of principles 
and activities to the basic 
scope of works executed by the 
employee 

Clearly formulated activities, 
understandable for the 
operators and production 
employees 

Sustain 
Observance of principles and 
accurate execution of all 
activities necessary to maintain 
implemented 5S method 

Maintenance of all principles 
and activities necessary for the 
functioning of 5S method 

Improvement of safety and 
work ergonomics, improvement 
of the effectiveness of 
production, reduction of 
production time and reduction 
of costs 

Proper implementation of 5S method and consistent execution of all activities enable reduction or total 
elimination of wastes, the result of which may be production delays due to machine's failure, general disorder 
which hinders the work of the operator or the occurrence of quality mistakes in finished products. 
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3. THE IMPLEMENTATION OF 5S METHOD IN CASTING PRODUCTION PROCESS 

Casting production process includes many complex operations, the proper execution of which enables 
acquisition of product which satisfies the client's expectations. Each casting should be characterized by proper, 
strictly precise quality and utility parameters, which are analyzed and compared with primary technological 
assumptions. All assumptions concerning casting technology depend on the client's needs and must be 
documented in the form of: casting drawings and finishing work, process technological parameters and 
material card [5]. The basic stages forming casting process of selected elements, the proper execution of 
which enables acquisition of casting which is characterized by proper parameters, includes (Figure 1) [6]:    

 Loading of input to the furnace 
 Melting of input, slag retraction  
 Drainage and pouring 
 Cooling 
 Mechanical and heat treatment 

The execution of each activities which form manufacturing process must be executed under optimal conditions 
which are foreseen and described in technological documentation defining process parameters and 
methodology of its execution. Methods constituting Lean concept - including 5S are increasingly introduced in 
order to improve the organization of the production process and all non-procedural activities. 

 

 

   

 

 

Figure1 Casting production process [6] 

Table 2 Scope and results of 5S method impementation 

Process Scope of the implementation Results of the implementation 

Loading of 
input to the 
furnace 

Separation of storage areas for input raw 
materials maintained in clear conditions    

Provision of proper input material loading (to avoid 
mistakes), elimination of potential pollution having an 
impact on chemical composition  

Melting of 
input 

Identification of safety zones, execution 
of routine and cyclical activities 
connecting with cleaning of the workplace   

Improvement of the safety level, possibilities to identify 
errors and elimination of possible pollution in furnace 
chamber  

Drainage, 
pouring 

Identification of danger zones and 
ergonomic placement of moulds, tools 
and objects used in merging process  

Improvement of the safety level and standardization of 
placement of tools and moulds in a manner which 
facilitate work and, therefore, shorten the time of the 
operation    

Cooling Identification of cooling areas for filled 
casting moulds 

Improvement of the safety level for production 
employees 

Mechanical 
treatment 

Design of the workplace in terms of 
ergonomic movement of employees   

Improvement of work convenience, work capacity, 
shortening of the time of executed operations    

The implementation of 5S method may be executed in most stages which form casting process and the 
potential effect of their application will be the improvement of the process organization which has an impact 
on the shortening of the production time, elimination of potential casting defects and improvement of safety in 

Loading of 
input 

Melting of 
input 

Slag 
retraction 

Drainage, 
pouring 

Cooling Mechanical 
treatment 

Ready casting 
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positions executing specific technological operations. Table 2 presents operations which form casting 
production process and proposes organizational solutions aimed at improving organizational level of the 
manufacturing process.    

The key factor which have an impact on the results of 5S implementation is to engage all employees, 
understanding of principles of this methodology and support on the part of supervisor. Thanks to this, during 
daily production operations, the operators may identify failure areas and then propose solution to avoid 
potential wastes. These can be minor improvements which (there are many of them) may contribute to improve 
safety, tools capabilities or facilitate the work of employees [7-10].      

Practicable solution in this regard is the ability to conduct Kaizen workshops together with the operators (5S 
technique is one of Kaizen pillars). By means of Ishikawa Diagram it is possible to formulate the major problem 
which occurred during the execution of tasks and then identify major causes of its creation in 5 categories 
(man, machine, material, method, management/environment). Then, the employees define precise causes in 
each category and categorize causes in terms of their impact on the problem (category A means high impact 
on the problem, category B - moderate impact, category C - low impact). The next stage of Kaizen workshops 
is the analysis of 5Why for causes which are marked with category A, generating solutions for the problem. It 
is simple tool which in a quick way can be executed in the workplace together with the operator, engaging him 
in the improvement process which makes him responsible for the quality of work. Figure 2 presents an 
example to solve the problem in the analyzed enterprise by means of Kaizen workshop. 

 
Figure 2 The part of Ishikawa Diagram for major cause ‘MAN’ 

Figure 2 presents the part of Ishikawa Diagram for the identified problem which was the long time of operation 
execution by the operator. Moreover, several precise causes marked with categories were identified. It was 
stated that the major impact on the problem have causes related with failure to follow the instructions or lack 
of skills. For this causes the analysis of 5Why was executed (Table 3).   

Table 3 5Why analysis 

Problem: Long time of the operation 

Major cause: MAN 

1 Why 2 Why 3 Why 4 Why 5 Why 

Failure to follow 
the instructions 

The employee 
failed to notice the 
instruction  

The instruction is located in 
a place which inaccessible 
for the operator 

Lack of supervision on 
the part of supervisors  

Lack of awareness 
in terms of wastes 

Lack of skills Lack of position 
training 

Lack of supervision on the 
part of supervisors 

Disregarding the scale 
of the problem 

Lack of awareness 
in terms of wastes 
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Following the analysis, it was suggested to execute trainings for the operators and managing staff as well as 
introduce visual management principles in the production hall and workplace. Systematic 5S audits made it 
possible to reduce the occurring problem. 

4. CONCLUSION  

The basic advantage of Lean Manufacturing is that it can be applied in each production industry. The proper 
application of LM tools makes it possible to reduce production costs and minimize the time of operation along 
with the growing level of the quality of produced elements. The article presents basic benefits from the 
application of 5S method during casting process. During the analysis of operations conducted under casting 
production process the results of its application were verified. The analysis showed that the application of 5S 
method may contribute to improve the capacity of work, reduce machine failures, shorten the time of operation 
and improve the safety and ergonomics in the selected production positions. Moreover, the application of 5S 
method give necessary basis for further improvement of processes in the form of the implementation of 
different LM tools, as e.g. Kaizen, TPM or SMED. During the application of 5S principles it is advisable to aplly 
solutions which make it possible to easily and quickly eliminate wastes during the process (Kaizen workshop) 
- with the participation of the operators.    
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Abstract 

The increasingly returning subject of the financial crisis forces company owners to continuously monitor their 
results, not only in terms of safety at work, but also reliability of equipment. The purpose of the presented 
article is to identify actions necessary to maintain a reliable machinery stock, which would guarantee 
effectiveness of production processes and high quality of metal workpieces. The analysis referred to a project 
of modernization of deprecated machinery stock in an industrial establishment belonging to the foundry 
industry. Exchange of equipment involved in the production process and replacement and adjustment of supply 
and control devices was proposed. 

Keywords: Foundry industry, reliability of machinery and equipment, modernization, indicators  
        of the implementation of project objectives, production process 

1. INTRODUCTION 

For production companies, indicators are not only represented by the amounts of the manufactured product, 
but also by reliability and productivity. A production process consists of such activities as: repairs of machines 
and equipment, disposal of municipal and industrial waste, energy production, processing and transfer of 
information. [1] A production structure is influenced by a number of factors, such as the level of specialization 
at workplaces, associating workplaces with time and space, product range, product quantity, repeatability of 
products. Merging these factors allows to specify fundamental criteria affecting the type and form of production. 
[6] The complexity of products, differentiation of materials, repeatability of parts, level of unification (using the 
same elements in different machine parts), labor consumption and manufacturing technology affect reliability 
of the production process. [2, 4] 

Among the causes of deterioration of economic situation in a company, as stated in subject literature, which 
results in lowering the standards of reliability - in addition to the low level of management, insufficient marketing 
activities and operations that exceed financial capacities of a company (i.e. overtrading) - indicates a 
conservative financial policy [7], which is not focused on the need of investing and reinvesting in equipment.[8] 
Entrepreneurs must have an effective system of productivity evaluation, based on relevant indicators. [3] 

The purpose of the publication is to identify actions necessary to maintain a reliable machinery stock in metal 
casting foundries, which would guarantee effectiveness of production processes and high quality of metal 
workpieces. 

To verify this purpose, theoretical research tools were used, such as: analysis, synthesis, generalization and 
comparison. In respect of the practical methods the following tools were used: logistics audit, interviews with 
employees; and the following methods: computation and analytical (analysis of measurements). The result of 
the carried-out tests was to develop the scope and method of modernization of a metal casting foundry. 

2. FOUNDRY INDUSTRY IN POLAND 

The Polish casting is on the sixth place in Europe in terms of the production volume. The number of metal 
casting foundries in Poland reaches approx. 390 foundries, including small-sized workshops with low 
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production volumes and employment. Out of all plants, 61 % foundries are independent entities and the 
remaining 39 % are company’s departments. Out of these, 58 % are joint stock companies and limited liability 
companies and 94 % foundries belong to the sector of small and medium-sized enterprises. 

The average production capacity of Polish foundries is approximately 2.5 times smaller than the performance 
of e.g. German foundries. Polish foundries have suffered from underinvestment and cannot count on an 
evident increase of production without the introduction of modern technologies and relevant equipment that 
reduces labor and material consumption; and thus, reduces the costs of castings production. The level of 
production in the Polish foundry industry has been systematically increased for years and so has the 
performance. The total production of castings in Poland, in the years 2004 - 2014, was approximately 900 
thousand tons per year, of which 49 % were intended for export (97 % to the European Union). The total value 
of export was 695 million EUR, while excluding the export castings, which constitutes a large part of production, 
Poland is also the importer. It imports around 350 thousand tons of castings per year. [10] 

An important action intended to improve the situation of the Polish foundries should be focused on productivity 
growth, cost reduction and the implementation of BAT (Best Available Techniques). It is also necessary to 
draw attention to the protection of the environment - obtaining integrated licenses that from the point of view 
of the European Union are necessary for the functioning of each of the foundries. 

Not less important factor is the development of alternative casting methods to the extent covering a much 
larger volume of cast than is currently the case. The task of research leading to the attainment of these 
objectives is to improve the quality of production, reduce its energy consumption and the consumption of 
traditional foundry molding materials. These actions imply, inter alia, the progress of economic indicators for 
the production of cast and less impact on the environment, associated with harmful effects of foundries. 

The perspectives for the foundry industry are good, because iron casting has generally taken the path towards 
the production of high-quality products and the use of modern technologies. At the same time, it is also the 
time of the rapid development of non-ferrous metal foundries which process aluminium, copper and particularly 
magnesium.  

The subject of the present case study was a metal casting foundry with its registered seat in Katowice, whose 
main activity profile includes the casting of light metals such as copper, zinc, aluminium and brass. 

The basic business activity of the studied entity is production and commercial and service activity, in particular: 
manufacturing of copper semi-finished products; casting of copper and copper alloys; utilizing metal waste and 
scrap; casting of light metals; metals treatment and coating; mechanical treatment of metal components. 

The main production profile of the analyzed foundry includes the production of shafts and bushings made from 
bronze and, when there is demand, also from brass. Moreover, the foundry produces zinc alloys, zinc-
aluminium mortars, rolled zinc anodes, modified brass and offers treatment services on the delivered material.  

The foundry has no separate logistics department and all processes associated with logistics are carried out 
in the sales department. The logistics costs amount to around 5 - 15 thousand EUR and the level of costs 
associated with such processes as: transport, storage, supply, distribution and customer service is maintained 
at a satisfactory level, while maintaining stock at an acceptable level. 

3. ANALYSIS OF THE MACHINERY STOCK - LOGISTICS AUDIT 

3.1. Logistics audit of the supply area 

The main raw material used in the production is scrap of non-ferrous metals. Indispensable aspects in the 
production process and additional processes include auxiliary materials, refractory elements, packaging 
materials and deliveries of the media. Materials for production are delivered to foundries mainly via car 
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transport provided by suppliers, tank-vehicles deliver components for making masses (resin coated sands, 
water glass and bentonite mixtures). [9] 

Storage of basic materials used in the foundry is performed mainly with the use of storage areas located in 
indoor (covered) production halls. Charges consumed in large quantities (scrap, iron, coke, limestone, ore, 
fine coal) are stored in concrete bunkers located around the melting shop facilities. Other alloying elements, 
such as sensitive modifiers and mortars, are stored in commercial packagings (metal barrels or bags) in dry 
interior areas, while liquid mass additives and protective coatings for molds and cores are stored in originally 
sealed transport packagings (containers of metal and plastic or reusable containers), in designated areas of 
production halls. Furthermore, refractory materials and other materials delivered on pallets are stored on hand-
held dry stockpiles. Fuels, oils and coolants are stored mostly in warehouses with solid concrete ground, in 
original packages located in original packagings placed on specially designed sump trays protecting the 
materials against leakages. 

The internal distribution of materials in the foundry is carried out with the use of different transport techniques. 
Basic equipment used for the internal transport includes transporting cranes with thrust-system-controlled 
engines (cabin cranes). In addition to suspended cranes, the following are used: belt conveyors, roller tables 
and loading ramps for cupolas. A separate group are means of internal wheeled transport, which include mostly 
combustion-engine forklift trucks and hand pallet trucks. [9] 

The selection of a given supplier is made on the basis of the list of qualified suppliers, which is regularly 
updated. The foundry draws supplies from suppliers being company’s partners. Market research is carried out 
by a staff member, who analyses stock exchange listings of metals.  

Depending on their price purchasing decisions are made. When selecting suppliers, the company follows 
primarily such criteria as: quality, price, obtained certificates and form of payment. The lead time is always 
stated in the contract and depends on the type, quantity and demand for the given raw material. The level of 
own stock, which translates into freezing of the capital, never exceeds 35 %, as the supply process is realized 
according to the Just In Time method. 

3.2. Logistics audit of the production area 

In the foundry, there are 3 separate technology lines, which take the form of a casting socket. The above-
mentioned sockets are used for the production of bronze and brass bushings. The process of melting and 
production of alloys is carried out only in electrical induction furnaces, hence each socket at the base must be 
fitted with a transformer and capacitor banks, which are an integral part of each technology line and decide 
upon the parameters of production. Each socket consists of: a transformer with the corresponding control 
system, 1 melting furnace with a capacitor bank, assigned with 2 foundry furnaces, each with an own capacitor 
bank. This is a system formed by a single casting socket. The diagram of the production process in a foundry 
is shown in Figure 1. 

There is also an induction crucible furnace with a capacitor bank, intended to melt alloy additives in the 
production process, zinc alloys and zinc anodes, equipped with an automatic temperature control system and 
coupled with furnace’s supply system, which prevents exceeding the temperature setpoint. 

Production is realized in a continuous manner, i.e. furnaces are not quenched (apart from quenching due to 
technical maintenance works, repairs or excluding a given line from production), which means that the 
products are produced 24 hours per day. 

The main equipment used for foundry’s internal transport is a crane. In addition to the crane, the following 
transport equipment is used: Hand trucks - used for transporting individual pieces of finished products to 
shelves, forklift trucks - used for transporting larger quantities of finished products across the hall, and 
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transporting by cars and loading trolleys - special vehicles used for charging melting furnaces in order to 
avoid burns with liquid metal. 

 
Figure 1 Diagram of the production process in a foundry. Source: [9] 

Moreover, the company uses the following transport automation techniques for transporting production 
materials and finished products:  

 Systems of roller conveyors, conveyor belts. 
 Automatic overhead conveyors (crane). 
 Forklift trucks, both traditional and AGV. 

3.3. Logistics audit of the distribution area 

Products manufactured at the foundry are sold via three main distribution channels: 

 Directly to the recipient - produced and sold are finished products, manufactured in most cases on 
request, on the basis of a signed contract with the recipient.  

 Indirectly (to another manufacturer) - semi-finished products or finished products, which are further 
processed by this manufacturer. 

 Through a network of trading partners, through networks of small wholesalers. 

Because of the nature of this process, products are manufactured usually for business customers, as semi-
finished products for further processing. 

Finished goods, produced in the foundry, are delivered to the recipient by recipient’s own transport or by 
shipping companies, such as DHL or PEKAES. Due to the separation of external processes associated with 
the transport of finished products, the company has made substantial savings. Taking into account the fact 
that the finished products leaving the foundry are of high value, they are always insured in transport. Apart 
from the shipping services, the carrier does not provide any additional services to the foundry. Freight rates 
are determined in PLN per km and the costs of transport are calculated every 3 months. Cooperation with 
carriers is carried out on the basis of short-term contracts. 

The foundry products are manufactured only on request, due to the high value of products (high prices of light 
metals). The customer chooses the category of a product and decides whether it is to be consistent with the 
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industrial standard or the Polish standard. Furthermore, the customer has the right to specify product 
dimensions (in case of shafts and bushings). [9] 

Customer expectations survey, regarding the offered standards of service, is carried out every 6 months.  

In the foundry, the following customer service standards have been defined: lead time and flexibility of 
deliveries. Moreover, the following qualities have been evaluated as satisfactory, i.e. level of cooperation in 
distribution channels, service quality and errors in deliveries. The level of finished product stocks and the dates 
of payment are acceptable, however, customer access to foundry’s products requires modification. 

4. RESEARCH RESULTS 

The logistics audit at the examined foundry has shown that the main problems of the company concern 
deprecated machinery, equipment and power supply system. Furthermore, the present activity of the foundry 
is inappropriate from the ecological and economic point of view.  

In view of the production capacity of the installation fitted in the foundry, considerably exceeding 20 tons of 
products per day, the plant is subject to the obligation of obtaining an integrated license. In addition to the 
arguments of the deprecated power supply and the age of machinery which needs to be replaced, the general 
problem consists in the lack of possibilities to comply with the BAT requirements in terms of the equipment 
being part of the IPPC installation. The current condition of the induction furnaces, due to the outdated 
technology concerning their main element (the driving force), is contrary to the principle of implementing new 
and “cleaner” technology. 

The presence of transformers and capacitors, as constituent elements of the IPPC installation, leads to the 
situation where the requirements set for these installations cannot be met, which generates problems on the 
following planes: 

 No prevention of industrial accidents, including uncontrolled emissions of PCB (PCB is a substance that 
creates particular risk for the environment) to the environment (devices do not have protection against 
oil leakages, and the visual inspection indicates a high level of corrosion). 

 Hazard of fire, due to lack of flame-resistant structures of transformers and capacitor tanks. 
 Insufficient power of transformers in relation to the power of furnaces contributes to greater emissions 

(release) of dust during the process of melting, as these furnaces are currently not able to operate in 
high ranges, but only in ranges allowed by the transformer. This, in turn, causes increased time of 
melting the metal and higher emissions of dust. 

 Age of equipment (dated down to 1974) proves poor technical condition and indicates non-application 
of modern solutions. 

 Illegible identification plates and labels on the capacitors make it impossible to determine the type of the 
PCB medium in capacitors, resulting in inaccurate records and lack of possibility to determine the scope 
of risk. 

 Lack of implementation of one of the main BAT objectives, which is “lowering environmental impact 
through the use of environment-friendly raw materials”. 

 Lack of adjustment to legal requirements, including the regulation of the Minister of Economy on the 
requirements concerning the migration of substances presenting particular risk for the environment and 
the use and treatment of installations and equipment in which substances causing a particular risk for 
the environment were or are used (OJ of 2002, No. 96, item 860). 

 Deprecated transformers and power cables, apart from the PCB content, constitute another type of risk 
in the form of electromagnetic fields. So, large condensation of old devices, devoid of shielding elements 
(emitting electromagnetic fields), may lead to exceeding acceptable levels of emission. 
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The above conditions are built up with 3 main aspects, which indicate to the replacement of the above-
mentioned equipment in order to adapt it to the BAT requirements: 

 Legal aspects - dictating the replacement of equipment containing PCB, as a factor creating specific 
risks for the environment. 

 Technological aspects - in view of the specific nature of the induction-based installation, the devices of 
transformers and capacitors are an important part of the installation, responsible for the process 
parameters (output power value and field strength around the heater change during a single 
technological process and too low power of the transformer allows operation only in lower ranges, which 
prolongs the time of melting and lowers the quality of the process). According to the reference 
documents concerning the casting industry, induction furnaces must work in ranges which allow to 
obtain the correct temperature of melting point; and it depends on the power of the transformer. In 
addition, current devices show very high load losses. 

 Aspects of pollution emissions - due to the nature of production based on the use of induction of eddy 
currents in a conductor placed in a variable magnetic field used to heat the semi-finished products, the 
dominant source of electromagnetic field is the inductor winding (induction coil), supply cables and the 
generator. The current number of transformers and voltage cables, representing outdated technology 
and without the shielding elements, is the source of electromagnetic fields emission. The second type 
of emission, which depends on the power of the transformer, is the dust arising during melting the metal. 
The too low melting temperature (due to too low power of the transformer) extends the time of the 
process and thus causes an increase in emissions (release). 

The collected data, concerning the installed devices of transformers and capacitors, produced in 1974, indicate 
poor condition, outdated technology and massive loss of load, while the overall dimensions of transformers 
eliminate any possibility of modernizing the remaining casting sockets of the installation. Taking into account 
the small number of suppliers of industrial transformers and the need to individually produce capacitor tanks 
(produced on individual request), it is necessary to prioritise modernization of the power supply system 
(including devices of capacitors and transformers), which in turn will be accompanied by modernized casting 
sockets. Such modernization schedule would considerably facilitate the course of work regarding the 
adaptation of furnaces to the possibilities of power supply devices and their size. [9] 

The need to modernize many elements of the installation is mainly due to their long time of operation. Most 
devices have not been replaced since their first commissioning, which dates back to the beginning of the 
seventies. The age of these devices translates not only into the poor technical condition, but also into the lack 
of compliance with environmental requirements. These are devices containing substances causing a particular 
risk for the environment, devices which are not energy-efficient and poorly dimensioned. As the technology 
used in the foundry is based on electrical energy supply (with only induction furnaces installed), it must first be 
decided to replace power supply components consisting of capacitors and transformers containing PCB. These 
devices are an integral part of the installation expected to be modernized. 

5. MODERNISATION PROPOSAL AIMED AT INCREASING RELIABILITY 

On the basis of the carried-out analysis it was decided to modernize the entire plant. In view of the production 
capacity of the installation fitted in the foundry, considerably exceeding 20 tons of products per day, the plant 
is subject to the obligation of obtaining an integrated license. After the examination of the technical condition 
of particular devices included in the installation and comparing them with the BAT guidelines, a specific order 
of modernization works was decided.  

The need to modernize many elements of the installation is mainly due to their long time of operation and 
increased pollution emission. The technology used in the foundry is based on electrical energy supply (with 
only induction furnaces installed), thus it was first decided to replace power supply components consisting of 
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capacitors and transformers containing PCB. The above-mentioned devices are an integral part of the 
installation expected to be modernized and adapted to solutions which meet the BAT requirements, which will 
enable obtaining an integrated license. 

The work schedule expected the implementation of all activities within 9 months. Total expenditure on the 
selected solution amounted to 405 875 EUR and has been incurred in 50 % from foundry’s own resources and 
in 50 % from the European Regional Development Fund. The highest costs have been incurred for the 
equipment - 349 000 EUR, due to the fact that they are produced exclusively on request and must be closely 
integrated with the existing infrastructure of the plant. Transport and disposal of waste, including the utilization 
of the harmful PCB, cost 33 750 EUR, while costs of documentation, i.e. the cost of the feasibility study and 
the technical documentation, amounted to 23 875 EUR.  

The issue shall be considered resolved when the objectives are realized on two levels: 

 Product - solving the problem helped the enterprise expand its machinery stock by 11 new fixed assets, 
which include: transformers, transformer control systems, melting furnace capacitor banks, an induction 
crucible furnace and a foundry furnace. An estimate of the total value of new fixed assets was 304 000 
EUR. The foundry is equipped with equipment and electrical wiring necessary for the correct installation 
and start-up of the fixed assets. The cost of equipment and its wiring amounts to 45 000 EUR. 

 Result - indicators at the level of the result have been planned in the scope of the following categories: 
number of new jobs and the number of installations, which as a result of this support will obtain an 
integrated license, increased efficiency of the installation for waste recycling and energy savings per 
production unit (this indicator will be measured in 2 measurement units: MW and MW/Mg). [9] 

In pursuance of the objective the company has planned to raise employment by 10 new jobs. The estimated 
level of human resources is minimal and depends on the pace of further development of the business. Thanks 
to the implementation of this undertaking the foundry has obtained integrated certification. In pursuance of the 
objective the company has also planned to increase the capacity of the installation for the recovery of the 
recycled waste to the level of 1 200 Mg per year. The implementation of this undertaking has also allowed 
energy savings per production unit in the scale of 0.01 MW. 

6. CONCLUSION 

On the basis of limitations concerning the internal capacity and preconditions for development lead modern 
companies to verification of the validity of their resources in the context of building a relevant position on the 
market. The purpose of the present article was to identify actions necessary to maintain a reliable machinery 
stock, which would guarantee effectiveness of production processes and high quality of metal workpieces. The 
research included the exchange of equipment involved in the production process and the replacement and 
adjustment of supply and control devices.  

On the basis of the performed analysis of the machinery stock in the studied company, it should be noted that 
the implementation of the solution will lead to: 

 Increased production - following the replacement of the problematic devices and power supply 
components, the foundry can increase production to the level of the maximum performance of furnaces, 
which previously was not possible, because of the limited scope of work of capacitors and transformers. 
In addition, due to furnaces working in their full range, there are no harmful emissions of dust, which 
previously constituted an additional problem. 

 Modernization of machinery stock - 11 modern fixed assets were purchased (capacitors and 
transformers), new wiring was installed and the whole power supply system was modernized. 

 Obtaining integrated certification - thanks to replacing outdated capacitors and transformers containing 
PCB (polychlorinated biphenyls - substances that are particularly dangerous for the environment), the 
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foundry has obtained integrated certification, necessary for companies producing above 20 tons per 
day. 

 Savings in energy consumption - modernization of power supply systems, purchasing and installation 
of new wiring and using modern capacitors and transformers, has led to savings in energy consumption 
per production unit in the scale of 0.01 MW, which means significant yearly savings in energy. 

 Greater safety of employees - old devices emitted electromagnetic fields with values exceeding the 
acceptable standards several times. Moreover, there was a hazard of fire associated with the absence 
of flame resistant transformers and capacitors, replacement of the devices to new ones has led to a 
significant increase in the safety of employees. 

 Elimination of the industrial accident hazard - old devices of capacitors and transformers contained PCB 
and did not include protective components that would prevent PCB leakage. A failure and emission of 
PCB would lead to long-term contamination of the environment and therefore the company has installed 
new devices equipped with another, more secure coolant, which is approved for use by legal provisions. 

Elaboration of the modernization principles aimed at improving the functioning of the entire logistical system 
was very important during the implementation of the proposed solution. High costs of implementation were 
observed. However, it is important that the researched company has undertaken to implement such a solution. 
The end results shall not wait long to be seen - based on the positive experience of companies operating in 
this industry in the world, the undertaking is expected to give positive effects. The carried-out research is a 
continuation of research on the restructuring project and most applications concern both processes. 
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Abstract  

This article focuses on the flexible variable cost budgeting of metallurgical production and its usage for 
valuation of actual variable cost. In case that this flexible budget is not available, it is not possible to identify 
the main influences that affect the total differences between the planned and actual values of variable cost. 
These main influences are: influence of production volume, influence of product mix, influence of consumption 
of variable inputs and influence of price of variable inputs. This article defines the procedure how to calculate 
the flexible budget of overhead variable cost based on its average planned consumption and prices. Part of 
this article is also a definition of the calculation of main influences that cause differences between the budget 
of variable cost and its actual value. 

Keywords: Variable Cost; Flexible Budgeting; Metallurgical Production; Product Mix; Company Plans; BOM 

1. INTRODUCTION  

The purpose of company plans and budgets for metallurgical production is to define the objectives of the 
company as a whole in the form of quantifiable outputs. The backbone of the entire system is the budget that 
is mostly defined for the individual analytical cost and revenue accounts of individual production centres. The 
most important thing for flexible cost budgeting of metallurgical production is the methodology of calculating 
the direct costs budget and variable indirect costs budget. [1] 

Direct cost budget is based on planned costing of metallurgical products which calculates such costs per 
production unit, i.e. as a product of specific consumption of direct inputs specified in BOM (bill of materials) 
and their planned prices. The total direct costs are then a product of such costs per production unit of the 
individual products and the planned quantity to be produced. 

Variable indirect cost budget is based on the sum of products of a planned amount of such costs per 
production unit of the individual products and the planned quantity to be produced. 

2. METHODOLOGICAL BASIS 

In order to ensure the correct analysis of actual variable costs achieved against their budget using variances, 
a flexible variable costs budget needs to exist. Such flexible budget is generated after the financial statement 
for the evaluated period (month, quarter) and its calculation requires the use of planned costing of variable 
costs. 

The merit of the methodology of flexible variable cost budgeting is that the planned amount of such costs per 
unit of quantity of the individual products is multiplied by the actual quantity produced in the evaluated period, 
and then such calculated variable costs of the individual products are added together. This is the way to 
calculate the value of the flexible variable cost budget for actual quantity and actual product mix while 
respecting the planned amount of variable costs per unit of quantity of the individual products. [2] 

In case the flexible variable cost budget is not available, it is impossible to identify the values of the individual 
variance types which cause the total difference between the variable cost budget and its actual amount in the 
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evaluated period. In the case of direct costs, such total difference can be caused concurrently by four 
influences, which are the influences of the total quantity and mix of produced products, the influence of natural 
specific consumption of the individual inputs, and the influence of their pricing. 

2.1. Methodology of flexible direct cost budgeting 

Converted direct cost budgeting consists of the planned amount of natural specific consumption of direct 
inputs (materials) stated in the BOM of such products being multiplied by the achieved production quantity for 
the individual products in the evaluated period. This is the way to calculate the quantity of such inputs 
(materials) for the individual products produced in the evaluated period. Adding up such calculated quantity of 
the individual types of direct inputs for the individual products gives us the total quantity of such inputs 
(materials) for all products. Their valuation at planned prices is used to calculate the flexible direct cost budget 
for the individual types of inputs specified in BOM, which corresponds to the specific consumption of inputs 
specified in BOM, the planned prices of such inputs and the actual quantity and mix of products produced in 
the evaluated period. 

2.2. Methodology of flexible variable indirect cost budgeting 

Converted variable indirect cost budgeting consists of the planned value of individual types of variable 
indirect costs per unit of quantity of the individual products (e.g. in CZK per ton) to be multiplied by the actual 
produced quantity of such products for the evaluated period. This is the way to calculate the value of the 
individual types of variable indirect costs for the individual products produced in the evaluated period. Adding 
up such values gives us the flexible budget of the individual types of variable indirect costs for all products, 
which corresponds to the planned amount of such costs per unit of quantity of the individual products and the 
quantity of such products produced in the evaluated period. [3] 

3. EXPERIMENT PART 

Proper evaluation of the actual amount of variable costs achieved in the evaluated period using variances 
against the budget of such costs is done in two phases: 

 In evaluation phase 1, the approved variable cost budget is compared with the calculated flexible budget 
of such costs, and the influence of the total production quantity and influence of the product mix on the 
actual amount of variable costs is determined. 

 In evaluation phase 2, the calculated flexible variable cost budget is compared with the actual amount 
of such costs in the evaluated period, separately for the direct costs and separately for the variable 
indirect costs. In the area of direct costs, there are two influences calculated: in particular, the influence 
of variance of natural specific consumption of such costs and the influence of variance of price of natural 
direct costs on the actual amount of the direct variable costs. In the area of variable indirect costs, one 
total influence of variance of such costs per unit of quantity of produced products is determined. 

3.1. Comparing approved and flexible variable cost budgets 

The difference between an approved budget (HP) and a flexible budget (PP) of variable costs is given by the 
influence of the variance of the total production quantity and the influence of product mix on their amount. The 
influence of variance of the total production quantity is mostly determined first and the influence of product mix 
is then determined as the remaining value of the total difference between these budgets. (Equation 1, 2, 3) 
[4]. 

Total difference between approved and flexible variable costs: 
∆푉푁( ) = 푉푁 − 푉푁           (1)
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VN(HP - PP)  - Total difference between approved and flexible variable cost budgets (CZK) 
VNHP   - Total amount of variable costs in an approved budget (CZK) 
VNPP   - Total amount of variable costs in a flexible budget (CZK) 

Influence of variance of total production quantity on variable costs: 
∆푉푁 = (푄 − 푄 ) ∗ (푉푁 /푄 )         (2) 

VNQ  - Influence of variance of total production quantity on variable costs (CZK) 
QSK  - Total actual production quantity for all products in the evaluated period (tons) 
QPL   - Total planned production quantity of all products (tons) 
VNHP   - Total amount of variable costs in an approved budget (CZK) 

Influence of product mix on variable costs: 
∆푉푁 = ∆푉푁( ) − ∆푉푁           (3) 

VNS  - Influence of product mix on variable costs (CZK)
VN(HP-PP)   - Total difference between approved and flexible variable cost budgets (CZK)
VNQ   - Influence of variance of total production quantity on variable costs (CZK) 

3.2. Comparing a flexible direct cost budget with its actual value 

The difference between a flexible direct cost budget and its actual value achieved in the evaluated period is 
given by the influence of variance of specific consumption of direct inputs and the influence of variance of price 
of such inputs on their amount. It is easier to first determine the influence of prices, whereas the influence of 
specific consumption is then determined as the remaining value of the total difference. (Equation 4, 5, 6) [5] 

Total difference between a flexible direct cost budget and its actual value: 
∆푉퐽푁( ) = 푉퐽푁 − 푉퐽푁          (4) 

VJN(PP - SK)   - Total difference between a flexible budget of direct costs and their actual value (CZK) 
VJNPP  - Total amount of direct costs in a flexible budget (CZK) 
VJNSK  - Total actual amount of direct costs in the evaluated period (CZK) 

Influence of price of direct input on direct costs: 
∆푉퐽푁 = (푉퐽푁 − 푉퐽푁 ) ∗ 푉퐽푁         (5) 

VJNC   - Influence of price of direct input on direct costs (CZK) 
VJNCPP   - Planned direct input price (e.g. in CZK per ton)   
VJNPRICE SK  - Actual direct input price (e.g. in CZK per ton)  
VJNQSK  - Actual consumed quantity of direct input for all products (e.g. in tons) 
Influence of specific consumption of direct input on direct costs: 
∆VJN = ∆VJN( ) − ∆VJN          (6)

VJNMS  - Influence of specific consumption of direct input on direct costs (CZK)
VJN(PP - SK)  - Total difference between a flexible direct cost budget and its actual value (CZK)
VJNPRICE  - Influence of price of direct input on direct costs (CZK) 

3.3. Comparing a flexible variable indirect cost budget with its actual value 

The difference between a flexible variable indirect cost budget and its actual value in the evaluated period is 
based on the influence of variance of the average value of such costs on a production unit (e.g. in CZK per 
ton) and on total production quantity for all products.  
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Regarding the fact that it is one variance type, it is easier to determine the influence of this variance directly 
from the difference of the total value of variable indirect costs in the flexible budget and in the evaluated period. 
(Equation 7) 

Total difference between a flexible variable indirect cost budget and its actual value: 
∆푉푅푁( ) = 푉푅푁 − 푉푅푁          (7) 

VRN(PP - SK)  - Total difference between a flexible variable indirect cost budget and its actual value  
  in the evaluated period (CZK) 

VRNPP  - Total value of variable indirect costs in a flexible budget (CZK) 
VRNSK   - Total actual value of variable indirect costs in the evaluated period (CZK) 

4. CONCLUSION 

Use of a flexible variable cost budget is very important and advantageous for all operations not only of 
metallurgical production and the foundry industry, but for any repeated production using BOM (Bill of materials) 
in general. This is wherever we can talk about variable costs changing their amount based on a change of 
quantity of individual product types produced (direct costs) or total production quantity (variable indirect costs). 
[6] 

If such flexible budget is not used, it is impossible to determine the values of the main influences contributing 
to the total difference between the planned and actual amount of variable costs. Such main influences include 
the influence of total production quantity, influence of product mix, influence of specific consumption of direct 
inputs and influence of variance of prices of such inputs between the flexible budget and the actual value 
achieved in the evaluated period. [7] 

Besides the financial expression of the converted amount of variable costs to the actual amount and product 
mix, a properly generated flexible budget also contains the converted amount of direct inputs naturally 
expressed in units of consumption specified in BOM. And, it is such naturally expressed flexible budget that is 
a very important standard measure for comparing the actual consumption of direct inputs (costs) with 
consumption resulting from BOM. In addition, the performance of consumption of the direct inputs defined in 
BOM is the appropriate premium indicator for production personnel and management. 

ACKNOWLEDGEMENTS 

The work was supported by the specific university research of the Ministry of Education, Youth and 
Sports of the Czech Republic No. SP2017/67. 

REFERENCES 
[1] SIKOROVÁ, A., SAMOLEJOVÁ, A., KUBICA, S., MASNÝ, R.: Analysis of Costs of Operation and Maintenance of 

Hot-Water Transfer Stations. In Carpathian Logistics Congress 2015. Ostrava: TANGER, 2015, pp. 479-484. 

[2] FIBÍROVÁ, J., ŠOLJAKOVÁ, L., WAGNER, J., PETERA, P. Manažerské účetnictví. Praha: Wolters Kluwer, 2015. 
404 p. 

[3] SYNEK, M. Manažerská ekonomika. Praha: Grada, 2007. 464 p. 
[4] HRADECKÝ, M. Manažerské účetnictví. Praha: Grada, 2008. 264 p. 
[5] LAZAR, J. Manažerské účetnictví a controlling. Praha: Grada, 2012. 280 p. 

[6] JANOVSKÁ, K., VILAMOVÁ, S., BESTA, P., SAMOLEJOVÁ, A., ŠVECOVÁ, E., VOZŇÁKOVÁ, I.: Analysis of 
Energy Demandingness of Metallurgical Production. METALURGIJA, 2012, vol. 51, no. 2, pp. 277-279. 

[7] KRÁL, B. Manažerské účetnictví. Praha: Management Press, 2003. 547 p. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2236 

SOLVING A COMPLEX DECISION PROBLEM USING THE EXAMPLE OF DISPOSAL AND 
UTILIZATION OF FINE-GRAIN METAL-BEARING WASTE IN A METALLURGICAL COMPANY 

LAMPA Martin, SAMOLEJOVÁ Andrea, SIKOROVÁ Andrea 

VSB - Technical University of Ostrava, Ostrava, Czech republic, EU,  
martin.lampa@vsb.cz, andrea.samolejova@vsb.cz, andrea.sikorova@vsb.cz 

Abstract 

The need for decision-making is related to management, constituting the substance thereof. Management 
means the wilful, purposeful influencing of a certain process, phenomenon or situation in order to achieve the 
required outcome or objective. 

Therefore, we make decisions in the case of a deviation from the required status and if the achievement of the 
objective is at risk, or when we get into a situation when the objective can be achieved in several different 
ways. The decision-maker has a problem when he/she needs to choose the best of several alternatives to 
further proceed along a course. 

The paper deals with the issue of disposal and utilization of fine-grain metal-bearing waste in a metallurgical 
company using the utility's functions. 

Keywords: Decision-making; optimisation; utilization; fine-grain metal-bearing waste 

1. INTRODUCTION 
A problematic (decision-making) situation needs to be identified in a timely manner and the problem formulated 
correctly and as precisely as possible [1]. 

Decision-making to solve a situation assumes knowledge of the target status and current status, as well as 
ways and methods of changing them. Achievement of the target status is expressed by performance of one or 
several indicators (criteria) [2]. 

Various methods (alternatives) of how to achieve the object do not usually have identical consequences. We 
assess such consequences with respect to the chosen criteria. We require the criterion (criteria) to be able to 
express the degree of the (partial) objective's performance [3]. We evaluate all alternatives based on a criterion 
(a set of criteria) and choose the one that meets the evaluation criteria the best. 

The above-mentioned characteristics result in the following basic decision-making process phases: 

1) Decision problem identification and formulation, 
2) Selection of decision-making criteria, 
3) Creation of a set of problem solution alternatives, 
4) Evaluation of the consequences of alternatives based on a set of criteria and selection of the best 

alternative. 

To make a decision, several strategies are sometimes generated for various possible developments of the 
critical factors in the future [4]. 

Future considerations model several different developmental situations - scenarios of future development. This 
is why this procedure is called the scenario method. It is certainly useful to properly analyse possible future 
development and to get ready for it through correct decisions [5]. The number of considered development 
scenarios should not be so high as to impair their resolving power. 
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Strategic decision-making becomes an efficient tool for managers only if it is formalized to the maximum extent, 
leaning against high-quality information. Otherwise, it does not differ from considerations based on experience, 
from decision-making that is based mainly on intuition and seldom uses complex information. Such decision-
making is fast and a little expensive, however, it is associated with the major risk of incorrect decisions [6]. 

Formalized decision-making concerning strategic problems is work-intensive; however, the costs of such 
decisions often represent just a minor fragment of the amounts which are being decided on, i.e. also of the 
losses resulting from an incorrect decision [7]. Excessive economizing would not be the right thing to do. 

We will use the following example to show the strategic decision-making procedure and methods. 

2. THE ISSUE OF DISPOSAL AND UTILIZATION OF FINE-GRAIN METAL-BEARING WASTE IN A 
METALLURGICAL COMPANY  

This problem has several aspects: 

 Economic - costs associated with waste disposal and utilization of metal from the waste. 
 Ecological - environmental damage. 
 Social - attitude of the public to solving the problem of waste, the aesthetic aspect of yards, dumping 

grounds, etc. 

They can be used to formulate the objectives to be achieved: 

1) Minimize capital expenditures for waste disposal. 
2) Minimize operating costs of waste disposal. 
3) Maximize utilization of metal from waste. 
4) Minimize environmental damage (air, water, soil, citizens’ health) 
5) Minimize public discontent about the waste disposal method. 

The first three objectives reflect the producers’ interests, the fourth and fifth the interests of citizens and 
regional governments. 

The following efficiency indicators (criteria) were selected for the individual objectives: 
X1 - total one-time costs (converted using the appropriate discount rate), 
X2 - waste processing costs (including eventual costs of collection), 
X3 - benefit (saving) from secondary utilization of waste as raw materials - use of Fe, Zn, Cr, etc., 
X4 - total amount of damages, 
X5 - citizens’ discontent expressed on a ten-level scale. 

The above-mentioned objectives oppose one another, and, therefore, it is necessary to find the most 
advantageous compromise. 

There are certainly several methods for utilizing the metal-bearing waste. These create alternatives to the 
waste problem's solutions. Preparation of such alternatives requires proper attention. It is very difficult and 
creative work that requires the involvement of the respective experts and the gathering of the respective 
information. We cannot put up with a small number of alternatives. The risk of omitting some advantageous 
problem-solving alternative would be too high in this case. On the other hand, time-related, financial and other 
reasons make us limit the decision problem by reasonable boundaries and choose such a number of 
investigated alternatives that enables the problem to be solved.  

Using information technology, the limiting factor is not the number of alternatives, but the need to obtain all 
input data for such alternatives. Information technology is not able to collect such data, of course. 

We consider the following methods of solving the metal-bearing waste disposal issue: 

1) Isolated utilization, or waste disposal in every metallurgical company. 
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2) Processing of all wastes from metallurgical companies in an integrated processing company established 
in the region. 

3) Combination of the two methods above, i.e. partial utilization of waste directly in the companies and 
partial processing in an integrated company. 

The actual number of alternatives will be higher, because we need to consider several waste processing 
technology alternatives in case No. 2, and different quantities of processed waste in metallurgical companies 
and in the integrated company in case No. 3. 

We will consider the following alternatives: 

ALTERNATIVE 1 

Current status of waste disposal in metallurgical companies (no investment). 

ALTERNATIVE 2 

Waste disposal in metallurgical companies with minimum investment. 

ALTERNATIVE 3 

Waste disposal in metallurgical companies with huge investment. 

ALTERNATIVE 4 

Processing of all wastes in an integrated company using technology A. 

ALTERNATIVE 5 

Processing of all wastes in an integrated company using technology B. 

ALTERNATIVE 6 

Processing of all wastes in an integrated company using technology C. 

ALTERNATIVE 7 

Waste utilization in companies corresponding to the current status and processing of the balance (not 
deposited yet) in an integrated company using technology A. 

ALTERNATIVE 8 

Waste utilization in companies corresponding to the current status and processing of the balance (not 
deposited yet) in an integrated company using technology B. 

ALTERNATIVE 9 

Waste utilization in companies corresponding to the current status and processing of the balance (not 
deposited yet) in an integrated company using technology C. 

ALTERNATIVE 10 

Minimum investment in companies and processing of a portion of the waste in an integrated company using 
technology A. 

ALTERNATIVE 11 

Minimum investment in companies and processing of a portion of the waste in an integrated company using 
technology B. 

ALTERNATIVE 12 

Minimum investment in companies and processing of a portion of the waste in an integrated company using 
technology C. 
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ALTERNATIVE 13 

Higher investment in companies and processing of the waste balance in an integrated company using 
technology A. 

ALTERNATIVE 14 

Higher investment in companies and processing of the waste balance in an integrated company using 
technology B. 

ALTERNATIVE 15 

Higher investment in companies and processing of the waste balance in an integrated company using 
technology C. 

These alternatives meet the five partial objectives to a different extent. Their advisability or inadvisability can 
be assessed using the “utility functions”. Each individual criterion expresses a certain aspect of the total utility. 
It corresponds to the respective partial utility function. It is sometimes identified as a one-dimensional utility 
function. The final utility is expressed by a “multi-dimensional” (total, final, aggregate) utility function. The utility 
functions enable quantification of the structure of values with multiple objectives. 

The utility function's determination requires a creative approach. It includes the following tasks: 

 verify the required conditions of independence of criteria, 
 assemble one-dimensional utility functions ui (xi), 
 find constant values (weighing coefficients), 
 determine the aggregate utility function u = f(ui). 

Independence of criteria means that valuation of an alternative based on one criterion is not connected with 
valuation based on other criteria. The multi-dimensional utility function is rather simple with independence of 
the criteria, and, therefore, it is advisable to have mutually independent criteria because independence of 
criteria is not always obvious. 

3. UTILITY FUNCTIONS 
The values of the criteria for all alternatives are stated in Table 1. Non-recurring costs are converted by 
discounting to one year common for all alternatives. In case of alternatives 7 to 15, it is the sum of such costs 
in companies and in the integrated company. 

Besides processing, the operating costs in alternatives 4 to 15 also include the costs of waste collection from 
the metallurgical company to the processing location in the integrated company and delivery of the usable raw 
materials back to the metallurgical company. 

The operating costs when utilizing the waste directly in the metallurgical company are advantageously reduced 
by utilizing the waste heat or the heat of the waste, as such. 

As far as the benefit from utilization of secondary raw materials is concerned, we can assume the biggest 
utilization of metal in the case of processing all wastes in a special company. The benefit mainly depends on 
the quantity of the waste utilized, and the amount of damage by contamination of air, water, soil and damage 
to citizens’ health. 

The integrated company where complex waste processing is assumed using state-of-the-art technology 
reduces the damages to a minimum. Additional transport and handling related to collection is, however, a 
source of additional dust pollution. 

Citizens’ discontent about the waste disposal method is expressed by a ten-level scale where the individual 
levels are defined in detail. An ideal solution corresponds to level 1, the worst to level 10. 
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Table 1 Numerical values of criteria 

        Criterion 

 

Alternative 

X1 

(million CZK) 

X2 

(million CZK per 
year) 

X3 

(million CZK per 
year) 

X4 

(million CZK per 
year) 

X5 

Scale 

1 0 100 150 1500 9 

2 80 120 190 1200 8 

3 1000 200 300 450 5 

4 2000 280 500 400 4 

5 1200 250 400 600 6 

6 1800 300 450 650 5 

7 1400 260 480 750 5 

8 800 270 380 900 7 

9 1200 250 400 800 6 

10 1300 240 300 700 7 

11 1000 230 320 800 6 

12 1100 220 420 680 5 

13 900 210 380 750 3 

14 750 240 350 800 3 

15 105 200 320 600 4 

x0 0 100 500 400 3 

x1 2000 300 150 1500 9 

It may appear at first glance that criteria X4 and X5 overlap. There is no doubt that there is a certain relation; 
however, the citizens’ attitude does not result only from the amount of damages, but from permanent and 
apparent effects which make life uncomfortable, have an non-estetic influence, and which annoy people. 

To determine an aggregate utility, it is required to standardize the one-dimensional functions within the range 
from 0 to 1. The best performance of the criterion corresponds to the utility value of 1, the worst value to zero 
utility. 

Putting the values of all criteria in properly selected scales, we can graphically illustrate the “alternative 
efficiency profiles”. They clearly indicate how the alternatives meet the individual criteria; however, not enabling 
the sequence of suitability of the individual alternatives to be determined. 

Looking at Table 1, it is obvious that no alternative is the best or the worst in all criteria. Therefore, it is not 
possible to directly determine the best or the worst alternative. A human is not capable of directly evaluating 
more alternatives concurrently from several different aspects. The graphical illustration of efficiency profiles 
does not help either. It is more illustrative than a table, but such illustration is disputable in the case of a higher 
number of alternatives. Sequences of the alternatives from the best to the worst based on the individual criteria 
are absolutely different. 

To create multi-dimensional utility functions connecting the partial evaluations based on individual criteria into 
a final evaluation, it is required to further investigate the hierarchy and structure of the decision-maker’s values. 
Such investigation will enable mutual compensation of partial evaluations and their connection to the final utility 
function. In order to ensure that the compensation for partial evaluations is correct, we need to know the 
importance which the decision-maker attaches to the individual criteria. There is a huge number of methods 
for determining a criterion's significance. 
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The point is not to determine the “objective” significance of criteria (questioning more experts), but to determine 
the decision-maker’s preferences for a specific case and specific values which the criteria in the individual 
solution's alternatives achieve. 

4. DETERMINING THE SIGNIFICANCE OF CRITERIA 
The purpose is to quantify the decision-making system of values in the given decision's problem. This is done 
by determining the values of coefficients, expressing the significance of criteria. Such coefficients are first 
ranked by significance and then their values are quantified. 

4.1  Creating a sequence of coefficients  
Comparison should not be desultory. It needs to consider the range between the best and the worst value of 
the criteria being compared. With a higher number of criteria and a comparison of all pairs, we may find an 
inconsistency between the partial results. And this also happened in our case. 

Table 2 Arrangement of individual criteria  

Conflicting arrangement Corrected arrangement 

k2 > k1 k2 > k1 

k3 > k1 k3 > k1 

k4 > k1 k4 > k1 

k1 > k5 k5 > k1 

k3 > k2 k3 > k2 

k4 > k2 k4 > k2 

k5 > k2 k5 > k2 

k4 > k3 k4 > k3 

k3 > k5 k3 > k5 

k4 > k5 k4 > k5 

The corrected non-conflicting arrangement gives us the following sequence of criteria significance: 

X4  X3   X5  X2  X1  

The following relations will be set between the coefficient values: 

k4  > k3 >  k5  > k2 > k1 

Weighing coefficients are quantified by a dialogue between the analyst and decision-maker with the following 
results: 

The following sets of equations are available for coefficients ki: 

k1 = 0.5*k4 k2 = 0.75*k4 k3 = 0.945*k4 k5 = 0.825*k4 

We determine value k4 as follows: 

We ask the decision-maker a question: at what value of probability p is the determined consequence with the 
best value of x4 = 400 equal for you? The decision-maker sets p = 0.25. 

k4 = p = 0.25 

We can use the equations for the other ki to easily calculate: 

k5 = 0.825*0.25 = 0.206  k3 = 0.945*0.25 = 0.236 
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k2 = 0.75*0.25 = 0.188  k1 = 0.5*0.25 = 0.125 

Now we add up all coefficients ∑ ki = 1.005. The resulting utility function will have the following form given by 
the following relation: 

u(X1,X2,X3,X4,X5) =  


5

1i
iii xuk           (1) 

Round coefficients ki so that their sum is exactly 1. 

k1 = 0.125 k2 = 0.187 k3 = 0.234 k4 = 0.25 k5 = 0.204 

5. CALCULATION OF UTILITY FUNCTIONS 

Introducing into formula (1), we will specify the summary utility function for all 15 alternatives and will find the 
optimal alternative among them. 

u1(xi) = 0.125*1 + 0.187*1 + 0.234*0 + 0.25*0 + 0.204*0 = 0.312 

u2(xi) = 0.125*0.96 + 0.187*0.9 + 0.234*0.205 + 0.25*0.408 + 0.204*0.167 = 0.472 

u3(xi) = 0.125*0.5 + 0.187*0.5 + 0.234*0.58 + 0.25*0.973 + 0.204*0.667 = 0.671 

u4(xi) = 0.125*0 + 0.187*0.1 + 0.234*1 + 0.25*1 + 0.204*0.833 = 0.673 

u5(xi) = 0.125*0.4 + 0.187*0.25 + 0.234*0.81 + 0.25*0.885 + 0.204*0.5 = 0.610 

u6(xi) = 0.125*0.1 + 0.187*0 + 0.234*0.91 + 0.25*0.855 + 0.204*0.667 = 0.575 

u7(xi) = 0.125*0.3 + 0.187*0.2 + 0.234*0.964 + 0.25*0.79 + 0.204*0.667 = 0.634 

u8(xi) = 0.125*0.6 + 0.187*0.15 + 0.234*0.77 + 0.25*0.67 + 0.204*0.333 = 0.519 

u9(xi) = 0.125*0.4 + 0.187*0.25 + 0.234*0.81 + 0.25*0.75 + 0.204*0.5 = 0.576 

u10(xi) = 0.125*0.35 + 0.187*0.3 + 0.234*0.58 + 0.25*0.825 + 0.204*0.333 = 0.510 

u11(xi) = 0.125*0.5 + 0.187*0.35 + 0.234*0.63 + 0.25*0.75 + 0.204*0.5 = 0.565 

u12(xi) = 0.125*0.45 + 0.187*0.4 + 0.234*0.85 + 0.25*0.837 + 0.204*0.667 = 0.675 

u13(xi) = 0.125*0.55 + 0.187*0.45 + 0.234*0.77 + 0.25*0.79 + 0.204*1 = 0.735 

u14(xi) = 0.125*0.625 + 0.187*0.3 + 0.234*0.7 + 0.25*0.75 + 0.204*1 = 0.690 

u15(xi) = 0.125*0.475 + 0.187*0.5 + 0.234*0.63 + 0.25*0.885 + 0.204*0.883 = 0.691 

Alternative 13 appears to be the optimal one, as its aggregate utility achieved the maximum value of 0.735. 
This is followed by alternatives 15 and 14 with utilities 0.691 and 0.690. 

Building only an integrated plant is ranked in the 5th, 8th and 10th positions based on the technology chosen 
(utility of 0.673, 0.610 and 0.575). 

It appears that it is the most advantageous to process a portion of the waste in the integrated plant and a 
portion directly in the metallurgical company. 

The above-mentioned solution is based on a statistical view of the problem. The time factor is respected only 
for conversion of the non-recurring costs to a comparable base. 

When making a decision on matters with consequences which become evident over a longer period of time 
(10 years and more), a short-term view of the problem (static model) is not sufficient and it is required to 
conduct a dynamic analysis and assess the solution's alternatives in the long term. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2243 

6. CONCLUSION 
Building a metallurgical waste processing plant is a problem that requires such an approach. This is given by 
the fact that the plant to be built will not operate for a short period of time. It needs to be considered to remain 
operating for more than 10 years. 

The metallurgical production conditions, and thus the production of waste, may change over a longer period 
of time. Such future does not currently appear as uniquely determined, but it may significantly change owing 
to circumstances. In this respect, the metallurgical production may increase, remain unchanged or decrease. 
Another unknown comprises changes in the production technologies applied which may significantly change 
the production and form of waste. Changes may also occur in the composition of the charged material for 
metallurgical production. All of these are the most critical changes on the part of metallurgy. 
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Abstract 

The question of workplace accidents occuring in metallurgical industry companies plays a significant role due 
to the generated social and economical costs. The article presents the analysis of workplace accidents in 
companies of metallurgical industry and the relationship observed between the employment rate, work 
experience and the age of employees. The collected data covers the period from 2009 to 2015. The choice of 
the period for the analysis is justified by the changes taking place in law regulations after Poland joined the 
EU, and also by the changing employment structure.  

Keywords: Accident at work, metallurgical enterprises, safety at work 

1. INTRODUCTION  

The question of workplace accidents occuring in metallurgical industry companies plays a significant role due 
to the generated social and economical costs. Thus, the principal task of the top management should be the 
creation of the proper safety culture which depends first of all on its engagement. The promotion of coherent 
policy in the field of safe work organisation, cooperation of employers with employees, may contribute to the 
increase of work comfort and also to the limitation of workplace accidents or occupational deseases numbers.  

The article presents the results of analyses concerning the workplace accidents occuring in metallurgical 
industry companies in years 2009-2015. The accidents were divided from the point of view of the seriousness 
of their consequences (fatal accidents, serious accidents and others - minor injuries). The group they relate to 
was indicated - from the point of view of years of service and age. The number of days when workers were 
inable to work due to the accidents was also taken into account.  

The aim of the article is to present, how the number of accidents at work in years 2009-2015 has changed in 
relation of the type of the accident (other - minor injuries, serious and fatal accidents) and age of the injured 
persons. The analysis also included the inclusion of the number of days and seniority of injured persons. 

2. ACCIDENT AT WORK, TERMINOLOGY, LEGAL REQUIREMENTS 

The workplace accident is understood as a sudden, impossible to predict incident which results in injuries, 
deaths, damages [1, 2]. The place of occurrence and the type of activity allow the following classification: 
professional - related to the performed work and non-professional, not related to the perfomed work, which 
includes among others traffic accidents, plane crashes, construction disasters and others. The article consists 
of an analysis of the workplace accidents occurring in metallurgical industry companies which are related to 
the performed work (professional). 

In the Polish legislation the accident at work is described as a sudden event, caused by the external factor, 
resulting in injury or death of a worker and related to the performed work [3]. This definition, however, is not 
identical in all countries. It is generally recognised that the workplace accident should be characterised by the 
urgency and be a result of the external factor. The differencies are observed in the second part of the definition, 
which states about the damage, harm and loss.  
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The differencies come down to three variants, in which [2]: 

 the accident is equated with the injury; 
 the accident is equated with the injury and the situation prior to the accident; 
 the injury is one of the possible consequences of the accident. 

Also, the essential differencies are observed within the assessment of the accident results, which may include: 
physical injuries of the worker, material damages, production disruptions, the damages to the reputation of the 
company [2]. 

The workplace accidents in the metallurgical industry affect negatively the course and quality of the 
professional life of workers. Therefore it is important to create a coherent national policy in the field of protection 
against the workplace accidents. Poland, like many other countries, is a member of the International Labour 
Organization. ILO is deeply involved in actions targeted at workplace safety improvement, which includes the 
determination of the policies of the member countries in the field of workplace safety improvement. The key 
legal act turned out to be the Convention no. 31/1929 concerning the protection against the workplace 
accidents, generally regulating the obligations of the countries and employers in case a workplace accident 
occurs. The convention imposes on member countries the obligation of establishing the national law in the 
field of life and health of the workers protection [4]. In the Polish legislation the obligation of professional risks 
limitation, determination of the circumstances and the causes of the accidents lies on the employers [5]. The 
compensation system for the injured workers was also created [3]. The legislator not only in the legislation 
relates to the incidents described as workplace accidents but also presents his social attitude to the issue 
taking into account the accidents which are furtherly related to work, and derivative - the accidents which are 
aligned with the workplace accidents and occured during the period of the accident insurance.  

3. ANALYSIS OF ACCIDENT AT WORK IN METALLURGICAL ENTERPRISES 

The analysis deals with the number of the workplace accidents occurring in the metallurgical industry 
companies. According to the Polish Classification of Activities, the data collected by the Central Statistical 
Office relates to metal production branch, which includes:  

 the producers of pig iron, ferroalloys, steel and metallurgical products;  
 the producers of pipes, cables, closed steel profiles; 
 the producers of other pre-treated steel products - cold drawn bars, cold rolled products, wires, cold-

formed products; 
 the producers of precious metals and other non-ferrous metals (silver, gold, platinium, copper, lead, 

zinc, tin, aluminium); 
 cast iron founding, cast steel founding, other light and non ferrous metals founding not elsewhere 

classified.  

The number of incidents classified as workplace accidents in years 2009 - 2015 (Figure 1) was constantly 
changing. The greatest number of such accidents was recorded in 2011 - 1127, whereas the smallest number 
of workplace accidents took place in 2013 - 887. The decreasing number of workplace accidents in 
metallurgical industry companies is determined by the changing employment structure.  

The number of workers employed by the metallurgical industry companies was reduced from 26k in 2009 to 
c.a. 20k. in 2015. It is anticipated that eventually, in metallurgical industry will be employed 15.6k workers [6]. 
The changes in the employment structure were induced by the economical crisis aftermath which also resulted 
in the total number of workplace accidents. Thus, it is observed the decrease in the number of workplace 
accidents in comparison with years 2009 - 2011, when the number of workers employed in the metallurgical 
industry was greater.  
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Figure 1 Number of accidents at work from 2009 to 2015 [7] 

Among the accidents resulting in the death of a worker in the metallurgical industry, the greatest number of 
such incidents was recorded in 2011 - 6, and 2009 - 5, whereas in 2015 there were no such incidents recorded. 
The greatest number of accidents resulting in serious body injuries, longer absence of the worker, was 
recorded in 2013 - 18 accidents, in 2011 - 12. The smallest number of such accidents in relation to the analysed 
time period was recorded in 2010 - 5 and 2012 - 6. The decrease of such serious accidents was observed in 
2010 and 2012, where the number of this kind of accidents was decreased by 100% in comparison to previous 
years, i.e. 2009 - 10 and 2011 - 12. The greatest number of the workplace accidents was constituted by other 
accidents (minor accidents) not resulting in serious injuries, long-term absence - Figure 2. 

 
Figure 2 Number of fatal, serious and other accidents at work in metallurgical enterprises [7] 

The number of minor injuries decreased in 2012 and represents the similar trend in years 2013-2015. The 
decrease in the number of accidents in this period may be explained by the employment structure changes, 
that is the decreasing number of employed workers.  

Thanks to the analysis of the accident statistics for the period 2009-2015 [7] for persons injured in workplace 
accidents it may be concluded that the greatest number of workplace accidents affects workers aged from 20 
to 49 years. For this age group, it was recorded respectively in year 2015 - 8, 2014 - 9, 2013 - 11, 2012 - 6, 
2011 - 11, 2010 - 6, 2009 - 9 accidents which consequences generate both social and economical costs. The 
number of serious and fatal accidents among workers aged up to 49 years is much greater than among workers 
over 50 years old. The only one discrepancy was recorded in 2013, when the number of fatal and serious 
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workplace accidents was the same for the age groups 20 - 49 and 50 - 59. The statistic data of the injured 
workers classified by the age is presented in the Table 1. 

Table 1 Persons injured in accidents at work from 2009 to 2015 [7] 
 

Year 
 

Specification 
Age 

< 18 18 - 19 20 - 29 30 - 39 40 - 49 50 - 54 55 - 59 60 - 64 65 > 

 

2015 

Total - 3 228 246 206 89 96 35 4 

Fatal accidents - - - - - - - - - 

Serious accidents - - 2 1 5 - 2 1 - 

 

2014 

Total 2 2 218 224 198 100 111 32 2 

Fatal accidents - - - - - 1 1 - - 

Serious accidents - - 5 1 3 - 1 - - 

 

2013 

Total - 5 204 244 191 114 113 16 - 

Fatal accidents - - 1 - 2 - 1 - - 

Serious accidents - - 1 4 3 4 6 - - 

 

2012 

Total - 5 222 200 214 122 106 31 1 

Fatal accidents - - - 1 - - - 1 - 

Serious accidents - - 1 3 1 - 1 - - 

 

2011 

Total - 5 274 265 275 164 129 13 2 

Fatal accidents - - - - 3 1 1 1 - 

Serious accidents - - 2 2 4 2 2 - - 

 

2010 

Total - 3 223 272 272 157 128 16 2 

Fatal accidents - - - 1 - 2 - - - 

Serious accidents - - 1 1 3 - - - - 

 

2009 

Total - 6 277 259 265 168 93 12 1 

Fatal accidents - - - 1 1 3 - - - 

Serious accidents - - 2 2 3 2 1 - - 

Four ranges of work experience of the injured in workplace accident workers were distinguished in the analysis 
of their work experience. This classification was determined by the number of occurring accidents. The first 
group includes workers employed one year or below. In this group the greatest number of workplace accidents 
is being recorded in comparison to other workers having longer work experience. The greatest number of 
accidents in the first group was recorded in 2011 - 319 (including 6 serious accidents). The occurrence of such 
big number of accidents may be justified by the lack of experience, awareness and knowledge in the field of 
dangers occurring in work environment. The second group includes workers having from 2 to 10 years of work 
experience. In this group it is also observed a significant number of accidents. The occurrence of accidents in 
this group may be caused either by the routine or the familiarization with the existing dangers in the work 
environment (however in 2013, 2014 the number of accidents was decreased in comparison to previous years). 
Smaller number of accidents was recorded in the third group, among workers of 11 to 30 year of work 
experience. The decreasing number of workplace accidents may be a result of greater experience and the 
awareness of the existing dangers in work environment. The most visible decrease of the accidents number 
may be observed for workers which have 31 or more years of experience. In this group it is being recorded the 
smallest number of workplace accidents in comparison with workers having less than 30 years of work 
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experience. However, fatal and serious accidents are observed in this group of metallurgy industry workers. 
The greatest number of accidents was recorded in 2013 - 4. The statistic data of the injured workers classified 
by the work experience is presented in the Table 2. 

Table 2 Persons injured in accidents at work from 2009 to 2015 [7] 

 
Year 

 
Specification 

Work seniority in a given post (in years) 

1 year 
and less 2 - 3 4 - 5 6 - 10 11 - 15 16 - 20 21 - 30 31 years 

and more 

 

2015 

Total 300 135 104 143 79 48 61 37 

Fatal accidents - - - - - - - - 

Serious accidents 4 - 1 2 2 1 1 - 

 

2014 

Total 247 167 71 195 59 50 58 42 

Fatal accidents - - - - 2 - - - 

Serious accidents 4 2 - 1 1 1 1 - 

 

2013 

Total 246 177 88 148 70 47 73 38 

Fatal accidents - 1 - - - 1 1 1 

Serious accidents 5 3 - 3 1 - 3 3 

 

2012 

Total 273 122 126 160 62 62 56 40 

Fatal accidents 1 - 1 - - - - - 

Serious accidents 1 4 1  - - - - 

 

2011 

Total 319 171 160 153 104 72 82 66 

Fatal accidents - 1 - 1 2 1 - 1 

Serious accidents 6 1 - 1 - - 3 1 

 

2010 

Total 261 220 102 149 96 88 109 48 

Fatal accidents - - 1 - 1 - 1 - 

Serious accidents 3 1 - - - - 1 - 

 

2009 

Total 304 229 96 146 105 60 96 45 

Fatal accidents 1 1 - 1 1 - 2 - 

Serious accidents 3 3 2 3 - 1 - 1 

The workplace accidents occuring in metallurgical industry companies generate work absence among the 
employed workers. The number of work absence days depends on the number of workplace accidents and 
may be also connected with the decreasing number of employees. The greatest number of workplace 
accidents occurred in 2011 - 1127, which also translated into the number of work absence days, which was 
55288 days.  

The data collected in the Figure 3 allows conclusion that since 2012 the number of work absence days in the 
metallurgical industry decreased in comparison with years 2009-2011, the number of such registered days 
was 41255. The following years indicate that this number increases in 2013 - 4352, decreases slightly in 2014 
- 42578, and increases in 2015 - 47564. The growing trend in 2015 may be explained by the number of serious 
accidents, having a significant influence on the work absence of workers employed by the metallurgical 
industry.  
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Figure 3 The number of days incapacity to work from 2009 to 2015 [7] 

5. CONCLUSION 

The issue of the workplace accidents in the metallurgical industry plays a major role due to the social and 
ecomic costs generated by the occurring incidents. The analysis of the statistic data collected in the article for 
the period 2009-2015 allows the conclusion that the total number of workplace accidents represents the 
downward trend since 2012. The greatest number of the accidents constitute the minor accidents, not resulting 
in the long-term work absence, however it is worth to point out significant number of serious and fatal injuries, 
which was recorded in the group of workers aged over 20 years old. The most negative year was 2013, when 
22 accidents in total were recorded (18 serious accidents and 4 fatal). The accidents occur most frequently in 
the group of workers aged 20-49 years old. This group stands out among other age groups, and the number 
of the recorded accidents may be explained by the lack of experience among young people, or the routine 
among workers having slightly longer work experience. But this does not have to be a generally accepted rule. 
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Abstract  
Analysis of the world economy and its development trends indicates a constantly increasing share of foundry 
casting as a technique of processing and manufacturing of metal products. Foundry casting is one of the most 
important sectors of the Polish industry. Development of an industry is chiefly determined by the condition of 
sectors that use its production, among other factors. Castings are sold to many industries, mostly to the 
automotive sector, which is the consumer of over 50 % of the world's cast production. For years, transport, 
shipbuilding, energy, agriculture, construction, mining, metallurgy, and machine industries have also been 
significant customers for castings. The article presents developments of the foundry industry in Poland in the 
years 2011-2015. Its main purpose is to analyse and assess development of the foundry sector in Poland in 
2011-2015. General statistical changes are addressed in this discussion. The assessment of the casting 
market in Poland takes into account the state and ownership structure of Polish foundries, production volumes 
and exports of Polish castings as well as employment and productivity of foundries. Future directions of change 
in the context of the ongoing R&D in the industry examined have been identified. The analysis produces an 
organised view of the changing structure of foundry production and, consequently, development of the foundry 
industry in the years analysed. Data from the National Office for Statistics and industry specific studies were 
employed. 

Keywords: Foundry industry, development, casting market in Poland 

1. INTRODUCTION  

The foundry industry, a key supplier of products and components to a range of industrial sectors, plays a major 
role in development of the Polish economy. The foundry industry is treated as part of metallurgy and metal 
products sectors. It is not identical with steel industry, however [1]. Analysis of the world economy and its 
continuing development trends indicates a constantly increasing share of foundry casting as a technique of 
processing and manufacturing of metal products. The steadily growing output of castings has for years assured 
a firm standing of the Polish foundry sector in the European Union.  

Reindustrialisation processes are currently apparent globally, as is apparent in strategic documents and 
policies of both the European Union and Poland. Transformation of the domestic industry is to be fostered with 
industrial policies implementing intelligent reindustrialisation [2]. The reindustrialisation will involve 
development of innovation that will ultimately help to cut production costs, enhance productivity, improve 
quality of products, customise ranges on offer, better satisfy needs and faster respond to shifting expectations 
of consumers, reduce consumption of virgin materials and energy requirements, decrease manufacturing 
emissions, and boost safety at work.  

Regional specialisations are currently a novel approach to development of the European Union regions [3]. 
Intelligent specialisation is by its very definition an instrument supporting development and competitiveness of 
regions. When selecting intelligent specialisations, regional innovation potential is evaluated on the basis of 
resources and opportunities available in a region. These may be both specialisations within a single sector 
and intersectoral actions that provide for a specific competitive advantage [4]. Regional Innovation Strategies 
indicate foundry practice as an intelligent specialisation in Świętokrzyskie and Opole provinces in Poland. 

The main purpose of this article is to analyse and assess development of the foundry sector in Poland in 2011-
2015. General statistical changes are addressed in this discussion. The assessment of the casting market in 
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Poland takes into account: the state and ownership structure of Polish foundries, production volumes and 
exports of Polish castings as well as employment and productivity of foundries. The time framework of the 
analysis is determined by availability of the most current figures (2015) on the one hand and the possibility of 
using comparable data from an earlier period, on the other hand. The analysis has helped to identify 
developments of the Polish foundry industry in the period under study. 

2. DEVELOPMENT OF THE FOUNDRY SECTOR GLOBALLY AND IN EUROPE - SELECTED 
ASPECTS 

The global output of castings has tended to grow over the years. It has risen by more than 30.0 % (from 80.5 
m tonnes in 2009 to 104.4 m tonnes in 2014) since the credit crunch and by approximately 61.0 % since 2000 
(from 64.8 m tonnes to 104.4 m tonnes). Figures from 41 countries worldwide demonstrate the output 
increased from 103.3 m tonnes to 104.4 m tonnes of castings, i.e. by more than 1%. Production of iron alloy 
castings rose by 0.4 % to reach nearly 85.4 m tonnes in 2014, whereas output of non-ferrous metal alloy 
castings grew by above 4.0 %, with volumes of more than 19 m tonnes. Production of aluminium alloy castings 
experienced a particularly substantial rise of almost 6 % [5, 6, 7, 8, 9]. 

China remains a leading global producer of castings. The share of its output expanded by 1 % in 2014 and 
accounted for 44 %. The United States with a nearly 10 % share in the global casting production (down from 
12 %) rank second. India, the third manufacturer worldwide, holds a share of nearly 10 % on the global scale. 
Castings made by European Union countries continue to account for 13 % of the world output. The share of 
the Polish foundry casting remains a steady 1 % of the global output as well [6] (Figure 1).  

 
Figure 1 Shares of individual countries in the production of castings worldwide in 2014 (%) 

The current figures from 33 countries of the world suggest a majority experienced a growth of casting 
production in 2014. The production in China increased by 1.7 m tonnes, that is, by 3.8 %. Among the global 
leaders, growth was also noted by: India (2.2 %), Germany (1.2 %), Russia (2.4 %), Korea (2.7 %), Italy (2.7 %) 
and, significantly, Turkey (13.4 %), at present the tenth casting manufacturer in the world. The United States 
and Brazil incurred drops of 11 %. The output in the US fell from 12.25 m tonnes in 2013 to 10.883 m tonnes 
in 2014. In Brazil, meanwhile, it declined from 3.07 m tonnes to 2.74 m tonnes of castings. The output in 
Canada suffered a similar drop of 7.6 %.  
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Grey iron castings constituted the largest share of cast materials in the total global output of castings in 2014. 
The percentage of production using this material had dropped a little since 2013, from 45 % to 44 % - to amount 
to 46.4 m tonnes of castings. The share of spheroidal iron castings increased, on the other hand, totalling 
27.0 % taken together with malleable cast iron. The output of steel castings remained constant at 11 % (11.2 
m tonnes). Aluminium alloy castings form the largest group among castings from non-ferrous metal alloys - 
15 %, with the output of 16.2 m tonnes - followed by copper alloys (1.7 m tonnes, 1.6 %). The remaining non-
ferrous metal alloys account for approximately 1 % of the overall production of castings.  

The value of the global output of castings in 2014 is estimated at US$ 230.0 bn. Leaders in casting manufacture 
have for years included: China (46.20 m tonnes), the United States, India, Japan, Germany, Russia, Brazil, 
Korea, and Italy. In 2014, however, Turkey (producer of 1.75 m tonnes) ranked tenth, overtaking France (1.73 
m tonnes). Available data suggest more than 48,000 are operated worldwide, including more than a half in 
China.  

The analysis of the European casting market employed figures concerning 27 countries for the year 2015 
[10, 11]. Approximately 7000 foundries work in Europe, with around 40 % casting iron alloys. The output of 
castings in Europe in 2015 was nearly 1 % greater than in 2014, reaching nearly 21.9 m tonnes. Production of 
iron alloy castings was comparable in both the years, whereas above 4 % more of non-ferrous metal castings 
were made, mainly from aluminium and copper alloys. The value of the output of castings in Europe (except 
Russia since current figures concerning values of casting output by manufacturers like Russia or Ukraine are 
not available) in 2015 was estimated at € 42.5 bn.  

Production of castings in Europe (contrary to the global output) failed to return to its levels before the credit 
crunch, i.e. 2009. The output of 21.85 m tonnes in 2015 is almost 20 % lower than in 2007 (27.03 m tonnes), 
the year of top output during the last decade. Production of grey iron castings has diminished in Europe in 
recent years. Growth trends have been noted with regard to spheroidal cast iron and aluminium alloys.  

Output of iron alloy castings fell in most European countries in 2015 compared with 2014. Considerable rises 
were experienced by Sweden (12.8 %), Spain (5.9) Turkey (5 %), and the United Kingdom (4.4 %). As far as 
production from non-ferrous metal alloys is concerned, the output reduced in Switzerland (-11.4 %), Poland (-
1.4 %) and the UK (-0.1 %). The remaining countries experienced growth. Overall casting output increased in 
2015 in countries like Germany (0.4 %), Turkey (5.7 %), Italy (0.3 %), Spain (6.1 %), and the UK (3.2 %). 
Decreases were noted in: France (-2.6 %), Poland (-1.2 %), and the Czech Republic (-2.7 %). Germany 
accounts for the most substantial share in casting production among European countries (Figure 2).  

 
Figure 2 Shares of leading European countries in the production of castings in 2015 (%) 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2253 

The output of this manufacturer in 2015 - 5.3 m tonnes - constituted approximately 24.0 % of the European 
output of castings. The second largest European manufacturer - Russia, producing 4.1 m tonnes in 2014 - 
holds a share of 19.0 %. The share of Turkish castings in the European output increased dramatically in the 
year under analysis (from 7.0 % to 9.0 %). The Polish output of castings constitutes around 5.0 % of European 
production.  

3. EVALUATION OF THE DEVELOPMENT STANDARD OF THE POLISH FOUNDRY INDUSTRY IN 
2011-2015 

The state and ownership structure of Polish foundries, production volumes and exports of Polish castings as 
well as employment and productivity of foundries served to assess development of the foundry sector in 
Poland. The statistics indicate around 60.0 % of casting plants are independent foundries. The remaining 40.0 
% are commonly divisions of larger enterprises. Out of 250 foundries, 18.8 % are co-owned by foreign capital 
(including 32 with 100.0 % of foreign capital participation) [10, 11]. 

1 048 800 tonnes of castings (from iron and non-ferrous metal alloys) were manufactured in Poland in 2015, 
that is, 1.2 % less than in 2014. 2011-2015 saw satisfactory outputs of castings, which have been more than 
1 m tonnes for 5 years (Table 1 and Figure 3). The production has grown by 2.0 % since 2011. Grey and alloy 
iron castings account for the largest part of the overall output - 46.1 %. Spheroidal iron castings constituted 
14.8 % of total casting production, whereas malleable iron castings had the minimum proportion of 1.0 % of 
the overall casting output. Production of all these materials had fallen since 2014 by: 0.3 %, 4.3 % and 6.0 %, 
respectively. 

Output of steel castings, in turn, accounted for 4.8 % of the overall production and had risen by 1.3 % since 
2011. Growth trends can be observed in manufacturing of non-ferrous metal castings. Their output had 
declined by 1.4 % since 2011 and its share constituted 33.2 % of the overall production in 2015. Sales 
determine the importance of the foundry industry. It is a major supplier of components for the automotive, 
electrical engineering and machine building, metallurgy and mining, construction, agricultural and rail, 
shipbuilding, power, and other industries. More than 60.0 % of all castings in Poland are made for the 
automotive sector [10, 11]. 

The foundry industry in Poland is export-oriented. Exports of iron and non-ferrous metal alloy castings 
amounted to 620,600 tonnes in 2015, including 313,600 tonnes of iron alloy castings and 307,000 tonnes of 
non-ferrous metal alloy castings. The share of exports in the overall output of castings was lower in 2015 than 
in 2014, accounting for 59.2 %. Exports have increased for several years as considerable manufacturing 
operations of complicated automotive castings to be exported are based in Poland. The European Union 
countries, exports to which are estimated to constitute more than 90.0 % of total exports, are the key foreign 
sales market. 

Table 1 Production of castings by material in Poland in 2011-2015 [10, 11] 

Cast material 
Output (thousands of tonnes) 

Dynamics 
2011=100% 

(%) 2011 2012 2013 2014 2015 
Grey and alloy iron castings 495.0 486.0 488.0 485.30 484.0 -2.3 

Spheroidal iron castings 145.8 141.0 118.0 162.15 155.2 6.4 
Malleable iron castings 10.0 10.0 9.9 11.70 11.0 10.0 

Steel castings 49.4 51.5 52.6 49.85 50.5 2.2 
Total alloy iron castings 700.2 688.5 668.5 709.00 700.7 0.07 

Total non-ferrous metal castings 329.9 348.3 352.2 352.95 348.1 5.5 
Total alloy iron and non-ferrous metal castings 1 030.1 1 036.8 1 020.7 1 061.95 1 048.8 1.8 
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Figure 3 Production of castings by material in Poland in 2011-2015 (tonnes) 

At a time of knowledge-based economy, human capital is one of the most important resources in an enterprise. 
It is important to acquire qualified personnel (starting from designers, engineers, foundry engineers to workers) 
in the foundry industry [12]. Approximately 24,300 people are currently employed in the sector, the same as in 
2014. Direct production workers in steel foundries constitute the largest share in the employment structure 
(72.5 %). At the end of 2015, there were 400 foundries, including 5.5 % employing more than 250 employees. 
Productivity of the domestic foundries in 2015 was 43.2 tonnes/1 employee, lower than in 2014 (43.5 tonnes/1 
employee), the latter being the highest in the period under analysis.  

The analysis implies the foundry sector in Poland developed in 2011-2015, most notably in 2014, where the 
most castings were manufactured, namely, 1,061,950 tonnes. The demand was chiefly driven by the improved 
condition of the key industries which use castings, since the foundry industry is a major supplier of components 
for final products manufactured by basic industrial sectors. Opportunities for development of the sector are 
noted in cluster links for integration and development of the foundry sector (e.g. the Association of Casting 
Component Manufacturers COM-KAST) [13].  

4. CONCLUSION 

The evaluation of development of the foundry industry in Poland in 2011-2015 and of factors characterising 
the sector can lead to the following conclusions: 

1) Development based on state-of-the-art and innovative products is the most important challenge to the 
Polish industry. This is to be fostered by intelligent reindustrialisation. A return to industrial policies and 
acceptance of modern reindustrialisation is a global trend and an opportunity for development of Poland. 
Development of the sector may be driven by not only strategic actions in the field of intelligent 
reindustrialisation but also intelligent specialisations to be identified at the national and regional levels. 
Actions to enhance competitiveness and innovation of the sector in Poland need to be reinforced. 

2) Growth tendencies can be noted in the Polish foundry industry and globally alike. The gradual increase 
of casting production helps to maintain its standing in the global market. In 2011-2015, positive 
developments could be observed in the industry. Output of castings rose at the time - it only diminished 
in 2015 by 1.2 % compared with 2014. Exports of castings in 2015 amounted to 620,600 tonnes, with 
the exports accounting for 59 % of the overall output. The number of casting manufacturers in Poland 
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reached approximately 400 foundries at the end of the period analysed. SMEs prevail - 94.5 % of all the 
enterprises. The foundry industry reports a great demand for traditional founding professions. Only 
adequate professional competences promise stable employment and continuing development of the 
foundry industry.  
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Abstract  

The organization and supervision of logistics processes which are related to the implementation and delivery 
of welded pillars, has been presented in this work. The article contains the characteristics of logistics processes 
that affect the creation of plans to executions’ schedule. The paper presents an analysis of the assumptions 
and requirements for the transport of bulky products, which are carried out on the construction site of noise 
barriers in a timely manner and according to the accepted delivery schedule. The process of logistics, which 
has been presented in the work was built as an orderly chain of all operations related to the material and 
information flow between the various stages of the contract, along with the required technical documentation. 
Logistic service is a result of analyzed processes, which is directly related to the delivery of products in quality 
and quantity and the time consistent with the expectation of the customer. 

Keywords: Logistic chain, large-scale transport, welding processes construction 

1. INTRODUCTION 

Nowadays there is a dynamic development of supply chains and their adaptation to the needs of internal and 
external customers. The supply chain is a synergy between many processing, trading, logistics and companies 
involved in the flow of products, information and financial resources. Supply logistics requires the 
implementation of numerous supply chain links that will be relatively constant and repetitive at regular intervals. 
Examination of order time, delivery period and storage will allow the company to reduce the value of frozen 
capital in stock. More and more companies seek to minimize the total cost of product flow of information while 
maintaining the level of customer quality, service delivery. Effective management is based on the integration 
and management of three types of flows or core processes: products, information and money. One of the basic 
tasks in supply chain management is to reduce the uncertainty that is the cause of purchasing stocks or 
inventories of security. The company should also take into account the inventory deficiencies that threaten the 
loss of potential customers. Supply, production, and distribution logistics should be so coordinated that its 
primary purpose is to meet customer needs and thus sales [1, 2].  

The aim of the paper is to present the characteristics of the logistic relations with the manufacturing process 
and the transport requirements of the large loads that are carried out in the process as well as the delivery to 
the customer's premises. 

2. TRANSPORTATION OF CARS ON PUBLIC ROADS 

Within the European Union as well as in the Republic of Poland there are uniform regulations which apply to 
the maximum dimensions of heavy goods vehicles so that they can move on public roads in accordance with 
the law. Of course, there are some exceptions to these rules, namely the transport of so-called oversized 
loads, but they are treated in an exceptional way and require special permits. The rules that define the 
maximum dimensions of vehicles are very precise and primarily concern vehicle manufacturers who apply for 
approval within the European Union. Compliance with the legal requirements is the basis for obtaining an 
approval under which they are permitted for road traffic. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2257 

The maximum length of a single vehicle (truck) can not exceed 12 meters, and if we are dealing with an 
articulated vehicle, this length can not exceed 16.50 meters. On the other hand, vehicles with a trailer can 
measure up to 18.75 meters. The maximum width of the vehicle must not exceed 2.50 meters, which is related 
to the width of the lane and the difficulty of maneuvering on the road. However, this is a width not including the 
mirrors fixed on the articulated booms, the side lights of the vehicle and the elastic elements made of rubber 
or plastic. The height of vehicle can not be more than 4.00 m. Allowable weight loads transported depends on 
the type of vehicle which carries them. Under the traffic laws, the load in the first place must not exceed the 
maximum permissible mass or permissible load capacity of the vehicle. The permissible total weights of 
vehicles are specified in the Regulation of the Minister of Infrastructure concerning the permissible total weights 
of vehicles. The permissible total mass of a vehicle depends on the technical conditions of the vehicle and 
must not exceed that of the combination vehicle: two-axle trailers - 18 tons, three axles - 24 tons; vehicle 
assemblies having 5 or 6 axles - 40 tonnes, a combination of 4 axles consisting of a two axle vehicle and a 
two axle trailer - 36 tonnes, a two axle vehicle - 18 tonnes, a three axle vehicle - 25 tonnes or 26 tonnes. 

3. CHARACTERISTICS OF THE RESEARCH SUBJECT 

3.1. Logistics processes 

Performing a customer order for welded constructions according to its specifications is realized with the use 
of materials and raw materials of the company. The welding technology team selects the quality requirements 
for the execution of the individual processes, taking into account the conditions of the design and operation of 
the construction and the quality standards and requirements for the qualification of the technology. The welding 
process of the components is carried out according to the guidelines prepared and included in the 
documentation of welding instructions. The purpose of performing the welded joint is to create a metallic 
continuity obtained by the weld process, which is obtained by local heat transfer resulting in the melting of the 
base material with the binder used. Welding processes are classified as special processes, due to the 
multiplicity of factors and their interdependencies that affect the final quality of the produced connection. In 
order to ensure an adequate level of quality for welding welds, and as a result of the whole structure, the 
process of the process must be properly prepared and supervised. The supervisor is responsible for: the 
appropriate welding technology depending on the conditions and materials, the concentration factor of the 
welding energy supplied, the characteristics of the materials to be bonded and the choice of the bonding 
material (electrodes or flux), the geometry and design of the joint [3]. All these elements must be included in 
the production document for the welding process plans required by the weld quality system guidelines 
according to the applicable standards. 

Welding Department realizes construction projects using the arc welding method with the use of a fusing 
electrode made in the gas shield MAG 135. The use of automation and mechanization in welding processes 
is possible with gas shielding (MIG, MAG, and TIG) methods, which also allow the observation of arcs and 
lakes and enables welds in various positions. 

A map of basic processes carried out in the subject areas of the researcher include: offering, acceptance of 
an order, preparation of an order, production planning, realization, settlement of production, logistics. Offers 
to DKS (department of construction) pass from the customer through the inquiry system, or as a result of the 
meeting. This information is then moved to the common system box "offer-DKS". On this basis, the system is 
entered and the ZK number (customer order) required for the calculation is entered. The department prepares 
the quotation of the inquiry on the basis of information: valuation and availability of materials (in firms 'internal 
warehouses), valuation of the necessary technological processes (their time and cost of working hours) and 
valuation of the individual transports required. The costs calculated by the CS Director's decision are 
addressed to the customer. 

All information relating to the customer's requirements and the findings made, in a shorthand form, goes to 
Form F-100. Determining and accepting the offer by the customer becomes a prerequisite for further action. 
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The form contains a compilation of the calculated costs and the gathering of all the information required by the 
client, the necessary PN EN 1090 norms, the basic material, the scope of the necessary tests, as-built 
documentation requirements. Preparation of the production order is made by the engineer assigned to the 
subcontractor who confirms all previous arrangements and replaces the production schedule, booking material 
and orders for each department. If necessary, the main welder will be consulted regarding the feasibility of the 
project. 

After the customer accepts only the order confirmation (internal F.P. program) or a customer agreement is 
signed, the legal department is required. In case of significant value of the project, the decision to join the 
contract will be made after approval of the CS Director. After all the required approvals, the order is delivered. 
If the order originates from a brand new client that is not in the customer base of the company (FP program), 
it is required to register and approve the cooperation started by the management on the basis of the client 
documents presented.  

Production is carried out on a specific order, not on stock, and the most important part of the implementation 
is the fulfillment of the deadlines specified at the stage of accepting the order. First the KTM (Commodity and 
Goods Card) is created for each order, which takes into account the classifications of the grades of steel 
required and their thicknesses. This information is provided in the FastProfit program to the production 
manager, followed by a schedule of work at each workstation, and a CNC control program for the preparation 
of the pellet. Based on the information from the FP, the trade department receives a message about the 
acceptance and start date of the production work of the order. After the production, the documents go back to 
the Customer Service Department, which calculates the production and release of the goods for customer 
transport within the framework of the work of the Logistics Department. It is only the settlement of production 
in the FP program (performed by the DOK section) gives the possibility to generate PM for the next stage (also 
the magazine). The shift between the various technological operations is organized by DKS - it has to locate 
the items, wait for the magazine to settle and issue the PM necessary for the loading of the car - of course also 
in agreement with the logistics department of car and driver substitution. In agreement with the logistics 
department, the delivery date is generated and after the PM is confirmed, it is executed [4]. 

Employee and employee workload schedules and subsequent settlements are based on Gantt charts, as 
illustrated in Figures 1 and 2. 

 

Figure 1 Gantt chart for production order 
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Figure 2 Resource load graph 

3.2. Characteristics of the research object  

Analysis of the basic manufacturing process carried out by the units of the research entity is presented on the 
example of the construction of "screen posts 02-03”. This product is one component of a design of a support 
structure designed to mount acoustic screens on highways and highways. Acoustic screens that are set up in 
the roadside lane are installed and assembled to HEB type profiles, they must be properly prepared and, most 
importantly, firmly embedded in the substrate. Designed and manufactured in the company, the pillars are the 
foundation of the supporting structure that holds the screens vertically and provide them with rigid rigidity. The 
project involves mounting posts to specially prepared foundations armed with threaded spindles, to which a 
laterally reinforced column foot is bolted.  

The technical drawing of the product analyzed, as shown in Figure 3, contains a column structure of the type 
"S2.6- PZ-S-8-118”. This pillar is a supporting element of screens H = 6.0 m high and span of single span 2.0 
m. The presented product is part of the investment "Construction of the S8 expressway“. The entire project 
consists of 6 different types of components: SD4.3 (106 pcs), SD4.6 (3677 pcs), S2.6 screens (2.0 m), post 
SD5.6 screens for 5.0 m span (106 pcs), SP1 anti-glare posts (104 pcs). The entire project requires the use 
of 1332390 kg of material which is general purpose structural steel S235JR and additionally aluminum anchors 
(element K1 - Figure 3). Unalloyed S235JR steel is widely used for welded components of load-bearing 
structures that are exposed to dynamic loads in operation. 

The anchor block consists of foundation bolts (pipe type F30) with a minimum anchorage length of 1100 mm 
and Ø25 crossbar bars. The anchor block consists of 4 screws. It is advisable to fit the screws in the prepared 
template and it is important to secure the threads during concreting. Ground beams were designed as 
reinforced concrete of class B30 (C25 / 30) with different geometrical parameters, depending on the shape of 
the terrain on particular sections of the building. The preparation of the complex construction to install the 
acoustic shield panels in it must be fixed to the foundation foundations (so called foundation piles). Between 
the embedded individual columns, a concrete beam must be installed in order to grasp the level relative to the 
ground. This is done by adjusting it properly and, if necessary, cutting to the appropriate height at the 
ground.The components of the analyzed structure of the column are the main profile, the butt and the base. 
Material required for production (structural steel S235JR) in the form of two-piece beams is taken from the 
warehouse and transported to the cutting department. 
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Figure 3 Technical drawing of columns construction elements „S2.6 - PZ-S-8-118” 
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The HEB 160 wide beam HEB 160, the HEB 160 wide beam halide halves, and the 26mm sheet steel for the 
base of the structure. At the cutting section, the HEB 160 bevelled cut is dimensioned on the pile of tape, the 
straight main profile and the 45 ° clamp, the ½ HEB 160 wide-angle beams burned halfway long as elements 
for the butt. After this stage the prepared butt stuff is transported to the firing department, where the longitudinal 
burnout process is carried out in half by means of a plasma scraper. The base parts of the structure are fired 
according to technical dimensions, including holes for sheet metal mounting anchors [5]. The individual parts 
are then transported to the welding department where they are assembled and the welding operations are 
performed, thus creating a ready-made pile structure.  

Every technological operation is completed with a final quality control, where the process operator verifies the 
control results. In addition, according to the welding technology guidelines, this process must be completed by 
the quality controller. Each component of the structure, after performing all necessary welds, is subjected to 
quality control, including visual inspection of weld surfaces and geometric dimensions. Once approved, the 
semi-finished products are transported to the next stage of the galvanizing operation. Protective coating 
processes are performed on the galvanizing department or by the subcontractor. It is necessary that this 
process is preceded by a pre-treatment, which involves the proper preparation of the surface of the structure, 
at which point the digestion is performed. After preparation of the surface and the appropriate designation of 
each structure, the zinc coating is applied by dipping, by dipping the entire structure into a bath of hot zinc bath 
(about 465 °C). The second step in protecting the anticorrosive structure is wet painting with the use of epoxy-
polyurethane paints. Prior to the painting process, the structure is subjected to a surface reclamation operation 
carried out by sand sweeping, which is intended to tarnish the zinc surface as this is necessary to obtain better 
adhesion of the paint. The painting process takes place in two stages, in the first part of this application process 
is epoxy paint, which is a primer, and then as a top coat is applied polyurethane enamel. Painting of the 
structure is carried out by means of the hydrodynamic pressure spraying method, which uses compressed air 
in the pump to supply the paint with a high pressure hose to the spray gun nozzle and spraying it appropriately.  

Spraying of paint occurs as a result of exceeding the critical speed of its particles. This operation fully protects 
the structure by corrosive conditions, after which the construction is clearly marked and transported to the 
finished goods warehouse. When a planned batch of orders is made, the organization of large-scale shipments 
begins on the construction site. It is made according to the delivery schedule previously agreed. The shipment 
of ready-made construction is organized by the logistics department, which includes both the preparation of 
documents and the admission to large-scale transport operations. 

4. SUMMARY 

Satisfaction of the customer depends on the continuous improvement of the suppliers by their processes and 
the great flexibility of the companies in responding to customer needs. Increasingly, the success of an 
enterprise depends on cooperation with other partners in the competing supply chains. Integrated supply chain 
management, which operates according to a specific logistic strategy, makes it possible to make the best use 
of the capabilities and resources of the cooperating companies. The basis for this cooperation is precise 
information. An important role in streamlining flows in the supply chains is the packaging and marketing 
systems of these packages. 

Getting information anywhere in the chain depends on the level of implementation of all relevant tools and 
information technologies in all of its components: 

 integrated IT systems, 
 a uniform standard for the identification of goods, services, locations, 
 automatic identification of the order execution stage, 
 electronic communications, including electronic data interchange. 
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Applying these solutions allows to: shortening cycle time ordering - invoicing - payment, availability of product 
information, tracking of traffic and location of each package, means of transport, etc., prompt and accurate 
input of information to the IT system, streamlining and automating the processes of receiving, storing, 
disposing and distributing goods.  
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Abstract 

The article the processes of flow of material goods and information in the transportation system of a steel 
company were analyzes in terms of their impact on the entire supply chain, including the processes of internal 
transportation. The aim of this publication was to develop a model for assessing organization and internal 
transportation costs with regard to the supply of materials and raw materials between different sources (inlets) 
and outlets in the steelmaking process. The model was verified based on a case study conducted in the Huta 
Małapanew steel plant, in Ozimek. The simulation was concerned on the possibilities for improving 
transportation in terms of organization and in terms of reducing the overall costs. 

Keywords: Metallurgy, steelmaking, internal transportation, assessment model 

1. INTRODUCTION 

Iron and steel industry is the oldest branch of the metallurgical industry in Poland. By the middle of the 
nineteenth century, it was concentrated in the Staropolski Basin (the oldest industrial and metallurgical district 
in Poland, now a remanufactured steel industry). In the middle of the 19th century, a new metallurgical 
technology was introduced on Polish soil, which consisted in the use of hard coal, which enabled steel 
production to increase. At that time, iron and steel production concentrated in the Upper Silesian Industrial 
District (GOP), where there were rich coal deposits. After the Second World War the metallurgy was expanded 
by opening two large mills - Katowice Steelworks in Dąbrowa Górnicza and Huta Sendzimir in Cracow. In 
1965, iron ore investment was abandoned due to its scarcity of resources. At that time Poland was dependent 
on imports from the USSR. At present, iron comes mainly from Ukraine and from Russia. In Poland there are 
25 mills, of which 18 come from the period before WWI. The average age of metallurgical equipment is 40 
years. In recent years there has been a decline in metallurgical production, which is due to the lack of demand 
and unprofessionality of this industry. Currently, Poland produces long products, ie rails, bars and semi-
finished products of steel. Huts are located in the vast majority of the GOP and its neighborhood. The largest 
steelworks are located in: Dąbrowa Górnicza, Świętochłowice, Siemianowice, Zabrze, Cracow, Czestochowa, 
Zawiercie and Mała Panew in Ozimek. In addition, the steelworks are located outside the GOP and its vicinity: 
Ostrowiec Świętokrzyski, Stalowa Wola and Warsaw. 

Steel plants (also known as “steel mills”) in which final products of the steelmaking process are manufactured 
usually form part of a larger steel company and its production is intended for further processing. This is the 
case in sectors such as metal sheet rolling plant or pipe rolling plant, for which steel is an input and only at this 
stage occur the manufacturing of steel and production of metal sheets, pipes and other steel structures. In 
terms of types of production (manufacture) processes and applied technological solutions, a steel company 
can be classified as an appliance industry, i.e. the one in which manufacture processes are differentiating. Full 
production cycle of a steel company is implemented in the logistics system according to the following steps: 
unloading of scrap metal, storage and classification of steel scrap in the scrap hall, loading scrap metal into 
the vat using cranes, transportation of steel load with the vat from the scrap hall to the furnace hall, 
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transportation of the vat with scrap to the furnace level, loading the scrap into the furnace, furnace operation 
(smelting time of approx. 50 min.), drainage of liquid steel into the vat, transportation of the vat using funnel 
crane to the ladle furnace, ladle furnace operation, enriching the smelting, steel refining, transportation of the 
vat with liquid steel to the position of continuous steel casting, pouring steel by piece, storage of steel pieces 
in the warehouse, transportation with the use of cranes and roller conveyors. The production cycle requires a 
smooth flow conditioned by internal transportation. As known, the primary task of transportation in the company 
is to move, in a given spatial area, load from its place of origin to the place of its reception (pick-up). The 
essence of this process lies in a conscious and coordinated, man-controlled movement of loads with the help 
of relevant equipment. The term transportation system refers to the system which is the structure of elements 
with specific characteristics, where the movement of objects is expressed in a stream of traffic flowing through 
the elements of that structure.[1,7,9,13] The transportation system should be considered in technical, 
economical and organizational terms.[2] A comprehensive grasp of the internal transportation system allows 
for identifying the problems involved in the proper course of logistics processes in a steel company.  

The aim of the publication was to develop a model for assessing organization and internal transportation costs 
with regard to the supply of materials and raw materials between different sources (inlets) and outlets in the 
steelmaking process. The proposed model was verified on a case study conducted in the Huta Małapanew 
steel plant, in Ozimek. The simulation was concerned on the possibilities for improving transportation in terms 
of organization and in terms of reducing the overall costs. The authors analyzed the processes of the flow of 
material goods and information in the transportation system of a steel company in terms of their impact on the 
entire supply chain, including the processes of internal transportation.  

To verify the objective, the following theoretical research tools were used: analysis, synthesis, generalizations, 
comparisons. In terms of practical methods as logistical audit and interviews with employees have been 
applied. The key achievements of the research described in the article include a draft model of the steel plant’s 
internal transportation which determines the decision-making process with regard to functional interferences 
and reduction of additional costs. 

2. ORGANIZATION OF INTERNAL TRANSPORTATION SYSTEM IN STEEL COMPANIES 

Internal transportation (i.e. within the facility), as the subject of the analysis, supports the flow of materials, raw 
materials and semi-finished products within the company through handling processes of loading and unloading 
of goods during storage and production, as well as their movement between different stages of the 
technological process. The transportation and loading processes in warehouses are usually performed by 
trucks, pallet jacks, conveyors, cranes, etc. The production stage is served by production transportation, which 
is closely linked and subordinated to the technological processes characteristic to a particular industrial 
establishment. Depending on the structure of the company, production transportation can be divided into intra- 
and inter-facility transportation. The former supports various posts and maintains the continuity of the flow of 
materials and raw materials between these posts, whereas the latter provides the connection between 
departments, storage sites, warehouses and transshipment points, shuttling between them raw materials, 
semi-finished products and finished goods. Proper organization of transportation should ensure the movement 
of as many goods as possible, within the shortest period of time and at the lowest cost, to the appropriate 
reception points (also known as “pick-up points”).[3,4,12] In terms of economics and organization of the above-
mentioned transportation types, the best solution is peripheral transportation. In reality, however, one can 
come across more sophisticated systems. When planning transportation, one should strive for a system that, 
under given circumstances, indicates the best factor since the level of costs per unit of cargo depends on the 
use of transportation that has been opted for.  

Organization of internal transportation system in a steel company depends on many factors characterizing 
heavy-industry companies and specific metallurgical processes. These include: system of inventory 
maintenance (network of warehouses, department warehouses, on-time delivery), production technology (flow 
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of goods), amount and distribution of inputs and outputs of the internal transportation system, condition of the 
owned transportation infrastructure, altitude differentiation of terrain, distribution of goods loading and 
unloading points, network of roads, railways and other systems of transporting raw materials and their 
connections with the departments, posts or warehouses of the steel plant, intensity of material flows between 
departments and warehouses, system of flow and processing of information.[2,5,11] Internal transportation in 
a steel company is determined by its organizational system of production. It comprises: rail transportation, road 
transportation, pipelines transportation, departmental transportation.[6, 10, 11] 

Modeling of internal transportation also requires analyzing the process tasks in the operation of a steel plant. 
The tasks of internal transportation include: handling railway siding that forms input to and output of the system 
for rail transportation, handling inputs and outputs of the road transportation system, handling road and rail 
scales for external transportation, coordinating the flow of internal and external sources of transportation in the 
company’s internal system of rail tracks, handling transshipment points, evaluating costs of transportation 
services for each department (internal control of cost levels). 

Since the steel plant has a stabilized nature of production that is also “plannable”, while the fixed connection 
with Poland’s national railway network (PKP) - via railway siding - as well as the need for technical supervision 
of rail vehicles and rail tracks due to the rules of safety and rail traffic, rail transportation must be centralized. 
In this respect, it is subordinate to the head of the department of transportation who governs all issues related 
to the cooperation with the PKP, and in particular the ordering of railway carriages. Rail transportation serves 
individual departments plus warehouses and storage sites according to the plan and delivery schedule.[11, 
13] Road transportation, due to the continuous nature of production in steel companies and also due to financial 
and organizational reasons (central service database, disposition and organization of traffic) is usually 
centralized and managed from above.[8, 11] 

3. RESEARCH RESULTS-PROPOSITION OF A MODEL 

Huta Małapanew Spółka z o.o. was founded on 1 July 2001 and operated formerly as Huta "Małapanew" S.A. 
in Ozimek. The steel plant is one of the largest manufacturers of steel castings in Poland and its main product 
range consists of: crude and refined castings, metallurgic rolls, machine parts (road wheels, roll equipment). 
The castings are made of approx. 200 grades of cast steel and cast iron in accordance with the PN/EN, DIN, 
ASTM, GOST, BS standards or based on the requirements of the client. Weight of a single rough casting 
ranges from 5 to 12,000kg. The products are ordered by all industries, in particular those that deal in mining, 
metallurgy, cement and lime, engineering, energy, shipbuilding, etc. The plant can run either unit or mass 
production. The castings are available rough (raw) or refined by means of mechanical treatment. 

The basis for the creation of a logistics chain is to define and identify its potential links. As far as industrial 
enterprises are concerned, these links can be isolated on the basis of the analysis of various stages of 
production processes and spatial distribution of the points of their implementation. 

In a steel company running a full production cycle, departments of raw materials are the initial source of the 
flow in the distribution channels and they form the first link of the internal logistics chain. These departments 
include coking plants and agglomerating plants (ore sinters) which are a source of fundamental raw materials 
for steelmaking. Coking plant is the department constituting an elementary link in the logistics chain with the 
blast furnace department. It is powered, mostly from outside, with the basic raw material, namely coking coal.  

Blast furnaces are the outlet for the channel of distribution of the coking department’s basic product, thus 
creating the initial link in the internal logistics chain. Movement of coke between the above-mentioned 
departments takes place by means of transportation. This process must take account of the storage site 
(buffer), which acts as a factor regulating the flow rate of this raw material in response to changing production 
capacity of the source and the demand of the outlet of distribution channel. Due to mass and volume 
production, mode of transport serving the distribution channel needs to be suitable for transporting raw 
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materials with high intensity. The bandwidth parameter of this channel, meanwhile, must include a surplus flow 
resulting from the need to restock. Such criteria are met chiefly by rail transport, provided adequate minimum 
distance between the source and the outlet or the place necessary in maneuvering long carriages. An 
alternative to rail may, in this case, be belt conveyors capable of conveying solids in a continuous manner, 
which makes it possible to obtain a continuous stream flow of material. Agglomerating plant - this second 
division of raw materials is the recipient of iron ore. In its production process takes place pre-treatment of the 
raw material. As in the previous case, mass production of this department also determines the choice of means 
of transportation. For the production process of ore sintering, coke is consumed as an energy resource, and 
its supplier (source) is most often its original coking plant. This gives rise to the interdependent system where 
the coking plant is the raw material base for almost all elements (departments) of the steel company’s 
production system, with coke -raw material requiring transportation by the relevant means and handling 
equipment - is mainly used by agglomerating plants and blast furnaces. Transportation of these media is 
automatized, with high flexibility in intensity, by transfer transportation. In the case of consuming large amounts 
of the above-mentioned media and a small distance from the source to the outlet, the best option is the pipeline 
transportation. The above-mentioned departments, through their relationships resulting from the production 
process, may form the first links of the internal logistics chain.  

Each link as an integral part of the logistics chain requires control of flows. To specify the control and its 
methods, one should adopt appropriate assessment criteria. The basic criterion, here, could be the time or 
cost of flow, although one should also account for its impact on the entire logistics chain and total costs. 

Another potential link in the internal logistics chain Is found in the department of blast furnaces as the source 
and the steelmaking department as an outlet of the distribution channel. The specificity of this channel is 
determined by the type of raw material and technical conditions that must be satisfied during transportation.  
Such requirements are met by rail transportation in conjunction with the hardware and specialized equipment 
to perform handling activities and transportation of liquid metal. When transporting a vat of hot crude iron, it is 
required to comply with safety regulations and applying the just-in-time rule. This is due to the difficulty of 
maintaining a sufficiently high temperature of the crude iron in the long term. This comes with additional costs. 
Another reason for employing the above rule is sequentially of the steelmaking process, on the basis of which 
one can predict the time of receipt of the next batch of liquid crude iron without unnecessary storage. Managing 
flows of raw materials between the supplier and the recipient comes down to synchronizing this process. This 
requires a continuous flow of information in order to determine the optimal timing of transporting the vats 
through deliberate slowing down or speeding up the technological process, both at the sender and the 
recipient’s end. 

Depending on the steel plant’s production capacity, size of one-time delivery and dimensions of the vat, it may 
be needed to store an appropriate amount of crude iron so as to meet the demand for the one-time delivery. 
The initial product of the steelmaking process, depending on the technological level of steelmaking as well as 
the company’s structure at the basic processing level, may be sequential or flat ingots, with the former meant 
for processing in metal sheet rolling mills and the latter - for pipeline rolling mills. If these rolling departments 
form part of the steel company in question, we then have to deal with two further links of the internal logistics 
chain. Transportation of hot ingots between the plant and the native rolling mill must meet the conditions of 
speed and efficiency. This is due to the degree of synchronization of production processes of the source and 
the outlet of the distribution channel, as well as to the technical conditions resulting from technical parameters 
(i.e. temperature, dimensions) of the transported load. Loss of heat by ingots increases the cost of production 
in terms of energy consumed in the process of heating up the load to an adequate temperature. Factors 
influencing the heat loss include: distance, process time, environmental conditions (atmospheric conditions). 
The existence of subsequent links in the internal logistics chain depends on the degree of vertical 
diversification of the steel company in the sphere of complex processing (profilers, welded constructions, tanks 
etc.).[1, 2, 10] 
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Put it in more general terms, the system of materials’ flow can be analyzed using the network model. The 
system in question can be considered at two different levels - between different companies and between 
different regions. If we were to assume that the company’s departments are independent enterprises, then the 
system of materials’ flow between these entities can be compared with the modified X-system. Streams of 
materials from several companies (departments of raw materials) consolidate here within the steelmaking 
process between two points (blast furnace and steelmaking department) only to subsequently deconsolidate 
into smaller streams, dispersing and heading toward the enterprises (departments) processing the raw material 
into the finished product offered to consumers. The processes of raw materials’ flows in the presented network, 
regarding internal transportation between various links of the logistics chain, implemented by the transportation 
department, must be coordinated. In order to coordinate the processes of transportation (flows), there must be 
potential streams, and one must additionally take into account a number of factors described on Figure 1. 

Internal transportation is designed to service flows between departments which result from the production 
process. Most of these processes are carried out by means of rail transportation due to the technical conditions 
of production, physical characteristics of goods and thee fact they are mass-produced. This last feature is 
common for supplies of raw materials to departments located at the start of the internal logistics chain. 

 
Figure 1 Assessment model of logistic processes in the steel company in terms of organization and costs of 

the company’s internal transportation  
Source: own study 

The department of transportation, responsible for the railway flows within the company and cooperation with 
carriers, acts as the-so called third participant in the internal logistics chain. Here, one should note the inability 
to define all the links of the company with the environment. To plan activities of the company, one selects from 
the environment these signals or data that are believed to be essential. The company’s environment is always 
more complex and relations with it are less known and understood than relations within the company itself. 
Between the enterprise, as a system of action, and the environment there is always certain reduction of 
complexity (data selection) representing a conventional boundary of the enterprise. 

The boundaries of the research area, as defined by the authors, are marked by the processes of loading and 
unloading of raw materials transported into and out of the steel company, carried out by road transportation. 
In the case of rail transportation, the border point is considered to be the railway siding, serving the drop-off 
and pick-up function of the transportation into and out of the company, or an external company located at the 
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plant’s site. Border processes of the research area, for rail transportation, are transportation to and from the 
siding. If the rail transportation to or from an external company located at the plant’s site, the border processes 
are loading or unloading conducting in the steel plant’s department. Internal processes of internal 
transportation are loading in the source, transportation and unloading in the outlet, including buffer 
warehouses. The functioning of the model of the system is carried out by extracting data from the outside 
through the boundary flows and their subsequent conversion into output data. This action activates along the 
way the decision-making processes relating to internal transportation. All the processes involving selection 
(i.e. decision-making) are based on iterative procedures (algorithms in the form of mini-specification). The way 
the model and its processes are constructed abstracts from the type and organizational structure existing in a 
particular company. This allows for verification of the model based on the actual system and in the process of 
improving its functionality in the context of e.g. costs and assessment of process organization. 

4. CONCLUSION 

The steelmaking industry is highly susceptible to transportation. This fact directly affects the existence of 
a closed-cycle flow of raw materials and steel products, where the company acts as the connecting link. All 
objectives currently implemented in the Polish steel plants, in accordance with global trends, ultimately strive 
to achieve lower manufacture costs of steel products. One cannot here ignore the fact that logistics costs make 
up for significant share of the total costs in the steelmaking industry. Polish steel companies in the process of 
restructuration and reorganization simultaneously need to reorganize the logistics processes, including 
transportation ones. This becomes necessary since these processes significantly affect operating costs of the 
enterprise, especially that in most cases these systems were designed at a time when logistics costs were not 
deemed particularly important. 

In this situation, it becomes helpful to form logistics chains that will globally, via the organizer of the chain, the 
so-called "third participant", transport raw materials and final products to the end user. In order to improve the 
efficiency of transportation processes in manufacturing companies, it is necessary to build such a 
transportation system which, combined with the flow of information, will be the basis of logistic chains serving 
the internal flows of material goods and information, and will ensure the effective integration with transportation 
of suppliers of materials and raw materials from outside by external means of transportation (e.g. scrap 
transportation by rail). Consideration of the proposed model will improve the flow of information and material 
goods in the transportation of the internal logistics chain and it will also reduce interferences occurring at the 
interface between organizational systems and logistic units participating in the logistics chain. 

Organization of internal transportation in the enterprise should provide transportation of a certain amount of 
load along the shortest possible routes, at the highest rate - and at the same time with the lowest possible 
consumption - of usage of means of transportation. With a comprehensive look at the processes taking place 
in the company, one can make the right decisions relating to the constituent parts of the company, that will 
also be optimal across the entire scope of its activities. This approach is particularly important for internal 
transportation as an essential element of the logistics chain. It will enable to implement the cost-reduction plan 
for transportation and analyze this process in terms of the consequences for the logistics system of the steel 
company. The proposed model optimizes the flow of processes in the transportation system across the 
company in terms of its organization. The algorithm of process occurrence in internal transportation models 
the processes of transportation including loading and unloading in each link of the internal logistics chain. It is 
possible to develop a mathematical model based on the algorithm of the processes and calculate the total 
costs associated with internal transportation, what would be desirable. 
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Abstract  

Dynamic changes in the environment, including increased competition and the need for cooperation, are the 
main drivers of change in business management. They are the expression of new strategies and business 
models. Increasing interest in business models derives from treating them as an important instrument for 
creating values based on a variety of sources. These can be resources, processes, competences and many 
kinds of innovations. Business model concepts are often a unique architecture and a combination of resources 
capable of creating value and consequently achieving competitive advantage and generating revenue. The 
research problem is the structure of business models and their ability to create value. The article presents the 
results of comparative analysis of business models of two steel companies. The dynamics of changes in 
business models in the aspect of innovation implementation was assessed. The antecedents of external and 
internal creation and application of business models were characterized in the surveyed enterprises. In the 
analysis and evaluation of business models, quality methods were used to study changes in their structure. 
BSC-based quantitative methods were used to examine the results of the companies. One of the subjects was 
the trading and servicing company of metallurgical products, the second was the hot rolled steel products 
rolling mill. Comparative studies were conducted between 2007 and 2016. 

Keywords: Business model, steel company, innovations, value  

1. INTRODUCTION 

Increasing global competition and threats resulting from crisis phenomena, cause that modern management 
is affected by value paradigm. It is an indicator and condition of understanding companies' operations on the 
market and option for their development. Ability of an organization to create value is perceived as one of many 
important conditions to attain and maintain competitive advantage (edge). Thus, companies search for such 
methods and instruments that provide for creating value. One of them is designing and applying new business 
models, component and attribute of which is the concept of creating value, which at the moment is strongly 
related to and based on innovations. Business architecture represents a structure of such model and should 
allow creating value for a client and affect the growth of company's value allowing for its sustainability in the 
longer perspective. Achieved values decides about whether such business model is effective to attain assumed 
goals and economic, market and social effects. It underlines its ability to implement innovations, which currently 
are perceived as the basis for creating company's value. The research problem is the structure of business 
models and their ability to create value. The empirical part presents results of research performed in two steel 
sector companies. Steel sector is still one of the most important raw material sectors, both in the world and the 
national economy. In 2015, Poland produced almost 9.2 million tonnes of steel (consumption is ca. 12.5 million 
tonnes) and the steel sector share in GDP is ca. 2.4 % [1]. Steel sector is an important supplier for the 
construction industry, household equipment sector and automotive industry, what is important from the 
research point of view. Distribution, trading and service companies (so called steel service centres) are 
important for regional and local markets. The investigated companies belong to this group. The first is trading 
and servicing company of steel sector products. The second is rolling mill of re-roller products. The aim of the 
paper is a comparative analysis and assessment of business models of this companies. The analysis was 
conducted in terms of value creation by business models the investigated companies do not belong to any 
capital group and they are owned by physical persons, studies were conducted between 2007 and 2016. 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2271 

2. VALUE CRERATED BY BUSSINESS MODELS - LITERATURE REVIEW 

Interest in business modelling results from the search for effective methods of competing and using widely 
comprehended cooperation. Modern business models allow for creating value based on innovations and 
coopetition effects [2]. In particular, development of theory and application works related to business models 
results from the following reasons: 

 applying business models as clear concept of creating value, both for a client and company owners, 
 treating business model as a system of interrelated operations, strongly focused on creating value, 
 search for instruments and methods of attaining competitive edge by implementing innovations, 
 treating business model as an architecture of business operations, which is able to provide organization 

with effectiveness by generating profit, 
 treating business model as a carrier of various innovations, 
 business model represents valuable tool for strategic management, which is also useful in company's 

operational activities, 
 using business model as a vision of an idea for a business, representing a proposal for potential investors. 

Business models can be applied both as instrument for management of existing companies and represent the 
grounds for planning the operations of new organization. Development of research over business models bore 
fruits in the form of many definitions and concepts [3], [4]. In the context of research problems of the paper, 
the ones that apply to creating value and meaning of innovativeness in the business models are most 
significant. Business model can be treated as a system of resources configuration and interrelated operations 
focused on creating value. Set of such operations, resources, method of their organization and connections 
between operations, resources and network of value, allowing for implementation of these operations in 
cooperation with partners or clients, depends of course on the adopted business model [5]. Many papers 
emphasize that close relations of business model with creation of value for clients and company, point to the 
role of tangible and intangible factors configuration [6] as well as the option to capture part of profit from such 
value. In the business model concepts two main dimensions are underlined. The first one is how the value for 
client is created, in particular which business model elements play significant role and how the value is going 
to be provided [7]. The second dimension of business model is capturing value for company that provides profit 
for it. Its amount depends on the architecture and nature of resources and operations covered by business 
model. Their mutual harmonization and level of innovativeness should be emphasized. Higher level of 
harmonization between the elements of operation system, affects the growth of created value, thus the option 
for its better appropriation. Dependencies between values for a client and capturing the value is related to 
networks of value and strategic choices being the components of business model. In the business model 
theory, addressees of created value are perceived in different ways. Treating a business model as a specific 
combination of resources, generates a value through transactions for clients and organizations [8]. 
Stakeholders are mentioned as addressees of value, a concept of creating and capturing value in the value 
network is introduced [9], [10]. Creating unique value and competitive advantage is related to innovations [11], 
with a business model as their carrier [12]. Innovations provide a possibility to create a new customer value 
(new products and methods of customer service) as well as new value for organization (effective business 
processes and models, supply chains, networks of cooperation, environmental protection, new technology) 
[13]. Implementation of innovations is to preclude imitability threats. Business models themselves can also 
represent organizational innovativeness, important for competitive strategy. Levelling these threats 
necessitates continuous improvement of business models. To sum up, one may say that value is the focal 
point of business model. Synthetically presented review of theoretical research, analysis of literature point to 
significant meaning of investigating the value created by business models. These are important for both the 
theory and practice of strategic management. In this context, aim of the paper and research problem are 
cognitively important and current. 
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3. METHODOLOGY OF RESEARCH 

Research methodology based on three basic components (stages), as given in the Figure 1, was used to 
assess the business model change of the steel companies and the value created by their. The first of them 
strategic analysis and literature studies. In particular, they include elements of modelling theory, innovation 
ecosystems [14], business surrounding (including competitive forces analysis), relationships with partners and 
macro-economy situation evaluated in the aspect of market as well steel sector development [15] 

 

Figure 1 Research model, source: own study 

Business model concepts were used (second stage of research), so called new era of innovation [16] and 
resource approach. The following business model elements must be emphasized: social architecture 
(intangible resources), technical architecture (tangible resources) and business processes. Sources of creating 
value and type of competitive edges are included in the structural characteristics of business model Detailed 
empirical research (third stage) covered two elements. The first of them is qualitative research covering 
structural and comparative analysis of business model components in the aspect of implemented innovations. 
The other one is BSC [17], [18] application used to measure and assess value attained by business models 
based on implemented innovations. As a result of research, it was found that business processes modification 
(new technologies of metallurgical products servicing, new types of steel and aluminium construction, 
automation of construction slings process) takes place, that allows for better satisfaction of clients’ needs. This 
corresponds to changes of customer service processes using CRM and prosumer relations. ICT solutions 
applied in the examined companies, that used cloud computing allowed for knowledge codification. In case of 
metallurgical companies engineering and trading competences were developed within the scope of 
metallurgical products service, production and designing of metallurgical products. 

4. EMPIRICAL RESEARCH - CASE STUDIES 

Case studies included two steel sector companies: 
 the trading and servicing company of metallurgical products (Company A), 
 the hot rolled steel products rolling mill (Company B). 

The examined Company A operates for 17 years and in 2016 attained sales at level ca. 4.4 million EUR and 
its economic value added (EVA) is at the level 0.4 - 0.5 million EURO. At the end of 2016, the examined 
company employed 112 employees. Since 2009, innovations have been implemented and the company 
changed its business model (organization innovations) from trading company to service and trading company 
by starting service centers. The examined Company B has been established in 1994 as a result of restructuring 
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of large metallurgical holding operating as a joint stock company, where employees were the major 
shareholders. At the end of 2016, attained sales at level ca. 47 million EUR and its economy value added 
(EVA) is at the level 1.2 - 1.3 million EUR. At the end of 2016, the examined company employed 229 
employees. Within 2007-2016 slow changes of business model took place because for many years innovations 
were implemented to a very limited scope or not at all.  

The applied business model is based on limited assortment of long steel products, hot rolling technology, 
production property leased on favorable conditions and relatively low costs of work. The most important 
elements of business models of examined companies are presented in Table 1. 

Table 1 The most important elements of business models of Company A and Company B 

Elements of 
business model Company A Company B 

Social architecture 

Employment Stable employment at the level ca. 100 
employees. More employees with 
university education 

Stable employment at the level 230 employees. 
Within past two years, share of employees with 
university education 

Strategic 
competences 

Engineering service of metallurgical 
products production of steel structures. 
CRM and construction of prosumer 
contacts 

Production of metallurgical products (long rolled 
products). Cooperation with charge suppliers from 
outside EU. 

Knowledge resources Significantly increased range of formal 
information and knowledge (trainings, 
study). 

Increased scope of formal information and 
knowledge 

Technical architecture 

Material resources  Modern devices for plastic working, 
metal working and production of steel 
construction 

Property resources at average technical level. 
(Leased to high extent) used to production of typical 
long products (squares, bars, flat bars) 

ICT resources Controlling IT system: Controlling, CRM 
engineering designing systems. Using 
cloud computing.  

Basic IT solutions within the scope of production 
control, accountancy and sales. 

Processes, competitive edge, value 

Business processes Metallurgical products service, 
procurement, production, designing and 
advisory. Developed HR process 

Production of classic and innovative long steel 
products, steel products service  

Creating of value High quality service. Wide assortment of 
services. Competitive prices of a wide 
product assortment. 

Effective production of wide assortment of long 
steel product 

Attained competitive 
edge and its sources 

Differentiation of service and design 
services, competences and 
relationships Cost edge in metallurgical 
products- low fixed costs. 

The competitive advantage is based on price / 
standard quality ratio concerning manufactured 
long products (shapes) 

Table 2 presents results representing value attained in the four perspectives: financial, market, business 
processes and technical resources, development of human capital in both analysed companies. 
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Table 2 Results achieved in four perspectives for analyzed Company A and Company B 

Detailed empirical research covered two stages. The first of them is qualitative research covering structural 
and comparative analysis of business model components in the aspect of implemented innovations. The other 
one is BSC application used to measure and assess value attained by business models based on implemented 
innovations. As a result of research, it was found that business processes modification (new technologies of 
metallurgical products servicing, new types of steel and aluminium structures, automation) takes place, that 
allows for better satisfaction of clients needs. In turn, application of BSC in the examined companies allowed 
for quantitative assessment of the results of implemented innovations representing a value. In the research 
performed within 2008 - 2014, both economic, technical (process) and human resources related effects were 
included. Innovative changes of technological processes affected the improvement of quality and growth of 
offered steel products, belt slings and services, which fact allowed for competing on the market. The result of 

 2007 2010 2012 2016 

The financial perspective  

EVA [million EUR] 
Company A - 0.19 0.22 0.30 0.65 

Company B 1.22 1.34 1.14 0.93 

Return on sales [%] 
Company A 1.1 4.2 8.3  9.4  

Company B 3.1 8.4 6.8 7.8 

Net income dynamics  

[year 2007=100 %] 

Company A 100 112 116 122 

Company B 100 121 103 105 

The market’s perspective 

Level of customer satisfaction [%] 
Company A 74.4 68.9 80.0 85.1 

Company B n.d. 80.1 85.3 83.2 

Level of customer loyalty  

[number of loyal clients] 

Company A 98 96 92 133 

Company B n.d. 22 28 24 

Sales dynamics  

[year 2007 = 100 %] 

Company A 100 130 118 132 

Company B 100 106 98 119 

The processes and technical resources perspective 

Number of new processes 
Company A 1 0 5 3 

Company B 0 0 3 2 

Number of new products 
Company A 3 6 19 12 

Company B 4 3 11 6 

Value of equipment [% increase] 
Company A 10.1 13.3 113.2 273.1 

Company B - 0.12 - 4.4 21.6 14.8 

The human capital development perspective 

Innovativeness of employees 
[number of innovative 
applications] 

Company A 2 0 6 4 

Company B n.d. 2 3 2 

Employees' productivity  

[thousands EUR] 

Company A 35.2  41.1 92.4  111.3  

Company B 136.1 162.2 178.6 182.2 

Employees with univ. education 
[number] 

Company A 38 42 67 72 

Company B 7 8 13 16 
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competitiveness improvement was the growth of profitability and economic profit. Growth of sale in observed 
companies must be emphasized. 

5. CONCLUSION 

Major structural changes of the business model are observed in case of company A. Within the domain of 
social architecture, they apply to human resources (increase in amount and level of education of employees) 
and information systems. Within the scope of technical domain, company A noticed significantly higher 
increase of modern technical potential than company B (technical machines and devices), also ICT system 
was developed. The main difference between the studied business models concerns business processes and 
other new products related to them. Company A implements new business processes related to servicing steel 
products as well as customer service and management processes (developed controlling, process 
management, BSC). At company A, creation of value based on wide range of products and relationships with 
clients is much more developed than in company B. Structural changes were translated to relatively more 
favourable dynamics of results of company A, both economical and market ones. Comparative analysis allows 
for searching for reasons of the differences concerning the scale and types of implemented innovations. In 
particular, this is about product and process innovations, which changed business model at company A. It is 
necessary to mention that their implementation was possible because of the EU aid funds gained by company 
A. Performed studies confirmed usefulness of triangular methods application, i.e. structural (qualitative 
method) and BSC (quantitative analysis) while evaluating creation of value by means of business models. 
Comparative analysis results point to high influence of various innovations on structural changes of business 
models as well as the level of value generated by them. 
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Abstract 

Risk management is now often discussed topic, which also appears in the new version of ISO 9001 standard. 
The risks are no longer seek only in the context of security and finances, as it was before, but there are 
numerous other areas. One of these areas where there may exist some risks, is the quality of the products. 
Ensuring the required quality of products is very important. Organizations that have implemented a quality 
management system according to ISO are obliged to incorporate risk management techniques into their 
processes. There are many questions, like which risk management techniques, are most effective, or how to 
evaluate the risks. The aim of this article is partially answer these questions and introduce techniques for risk 
management in product quality planning for the specific process. This article presents a comparison of different 
approaches to minimize defects in products in metallurgy. Attention is paid to methods FMEA, HAZOP, HACCP 
and Quality Risk Management. These methods are applied on the forging process. 

Keywords: Risk management, quality management, FMEA, HAZOP, HACCP, forging process 

1. INTRODUCTION 

Quality is seen in today's rapidly developing world as one of the main requirements of both standards and 
customers. Quality management is an integral part of developing and improving the quality of both end 
products and organizations as a whole. In quality management it is very important that emphasis is placed on 
preventing mistakes that may occur and correctly assessing existing defects. Therefore, it is best to look for 
potential risks already in the product quality planning phase, which can save large quantities of poor quality 
products. If we can detect possible risks in pre-production phases, preferably in product and process design 
and development, we do not need to spend as much resources as we have to deal with these errors during 
production or through customer complaints. The objective of this paper is to compare three suitable risk 
management tools for minimizing risks of possible defects of produced products (FMEA, HAZOP, HACCP) 
and to illustrate use of FMEA as the most suitable tool for this application for die forging process. 

2. TOOLS OF THE RISK MANAGEMENT  

Risk management principles are effectively utilized in many areas of business and government including 
finance, insurance, occupational safety, public health. This article mentions methods that can mitigate the 
potential risk. Each of the methods is different in particular to the area in which it is used, but also to the way 
in which the risks are assessed. There are selected a few methods - FMEA, HAZOP and HACCP, which are 
a bit similar in their solutions with the risks.  

2.1. FMEA 

FMEA (Failure Mode and Effect Analysis), as a prospective risk management technique, has proven to be a 
useful and powerful tool in defining, identifying and eliminating known and/or potential failures or problems in 
products, process, designs and services before they occur and reach the customer. The main goal of FMEA 
is to focus on the most important failure modes according to the limitation of resources, and provide valuable 
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information for achieving continuous quality improvement. FMEA is a structured and stepwise approach to 
quantifying the effects of potential failure modes, and usually carried out by a multidisciplinary and team. In 
the practical application, the following three main phases are often included in the FMEA process: the first 
phase is concerned with identification of the potential failure modes and their effects of product’s components, 
subassemblies, final assembly and its manufacturing processes; the second phase is concerned with 
performing criticality analysis to determine the severity of failure modes by evaluating the risk levels of risk 
factors regarding each failure mode; finally, risk reduction measures of critical failure modes are proposed and 
implemented to help improve system reliability by failure mode avoidance. The second one of these phases is 
explored herein, as it is the foundation for developing and implementing risk mitigation strategies. Traditionally, 
the risk evaluation in FMEA is accomplished by calculating the RPN, which is a mathematical product of the 
three risk factors: severity of potential failure effects, probability of the failure occurrence and probability of the 
failure detection. The traditional FMEA often uses a numeric scale from 1 to 10 to evaluate each of the three 
risk factors. Failures modes having higher RPN values are assumed to be more important and should be given 
a higher priority for actions. After the relevant modifications were conducted, a reevaluated version of the 
FMEA could be executed and new RPNs of failure modes would be generated. The cycle would continue until 
the system reached a level of low or acceptable risk level [1]. 

2.2. HAZOP 

The HAZOP (Hazard and Operability Study) is used to identify hazard scenarios that impact receptors such 
as people, the environment and property, as well as operability scenarios where the concern is with the 
capacity of the process to function properly. It evolved from Work Study and Critical Examination. HAZOP 
studies focus on investigating deviations from design intent. By definition, deviations are potential problems, 
for example, lack of flow in a transfer line or over pressuring a storage tank. Deviations are generated by 
applying guide words to process parameters at different locations, called nodes, throughout the process. The 
process parameters represent aspects of the design intent for the node. The goal in a HAZOP study is to 
identify all aspects of design intent for which deviations may result in scenarios within the scope and objectives 
of the study. A standard list of seven guide words is used: No, More, Less, As Well As, Part Of, Reverse, and 
Other Than. Some practitioners add Early, Late, Before and After, although other practitioners consider these 
as variants of Other Than. The HAZOP study team chooses appropriate parameters for each node, for 
example, flow, pressure, temperature, composition, level, addition, cooling, etc. The use of guide words with 
parameters provides the opportunity, principle, to explore deviations from design intent [2], [3].  

2.3. HACCP 

The Hazard Analysis Critical Control Point (HACCP) system is standing on the knowledge of the critical points, 
i.e. points where is the greatest opportunity, respectively probability of contamination of the food chain, whether 
microbiological, chemical or physical. These points become the most important control place that is monitored 
and evaluated, respectively controlled so that possible contamination was excluded. The success of HACCP 
is dependent on the expertise of the HACCP approach team management of the organization and all 
stakeholders. The goal of HACCP team work is the identification of critical points and the definition of potential 
hazards from the point of view contamination of the food chain. The relevant supervisor is responsible for 
checking the effectiveness of the system HACCP and its update. The HACCP system should become a natural 
component of the management system of those parts of the healthcare facility where food is handled. HACCP's 
proven tool of effectiveness is then audits mainly internal but also external. The elaborated model HACCP 
system should then to guarantee (in full respect) a high standard of food chain security passing through the 
health care facilities of the Ministry of Health. All of the mentioned methods can be used for the risks of the 
quality of the products [4]. 
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2.4. Quality Risk Management 

Quality risk management is a systematic process for the assessment, control, communication and review of 
risks to the quality of the drug product across the product lifecycle. A model for quality risk management is 
outlined in the Figure 1. There can be seen all of the processes in this model, which must be performed, during 
the risk management with regard to quality of product. There could be also used other models. Quality risk 
management activities are usually undertaken by interdisciplinary teams. The teams should include experts 
from the appropriate areas in addition to individuals who are knowledgeable about the quality risk management 
process. This methodology against for the classic risk management only outlines from all risks the risks related 
to quality of product. The methods mentioned above are possible to use in this field, mainly in the risk analysis 
process. It is not the concrete method, but an approach for the risk thinking [5]. 

 
Figure 1 Overview of the quality risk management process [5] 

2.5. The comparison of FMEA, HAZOP and HACCP 

There are a few differences between mentioned methods. Mainly each of methods is used in the other field, 
because they are adapted for requirements in the field, for their time options and the level of importance of the 
risk management in their area. But in this article there is an idea, that each of this method can be used in the 
product quality planning for their positives. On the Table 1 it can be seen the main comparison of the solutions 
at each of the methods. There are visible differences in the solutions, but each of method has own plusses 
and minuses. For example, in the HAZOP there is a potential problem identified with the guide words, which 
is not used in any other method. In the HACCP can be seen the term “availability”, which is unique only in this 
method. The methods HAZOP and HACCP are relatively easy to solve in the team and they are not so time 
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consuming. But as can be seen on the Table 1, no one of these methods is as extensive as FMEA, which 
contains more requests, without the mentioned exception, and therefore it is more accurate. On the other side 
this method requires a bit more of time for solution.   

Table 1 The comparison of FMEA, HAZOP and HACCP 
Item FMEA HAZOP HACCP 

Product/Process Requirements     

Identification of potential problem       
Identification of possible effects       
Identification of possible causes       

Preventive measures     

Detection possibility     

Risk evaluation   
Deviation from the 

target Effect 

Risk mitigation actions       
Risk assessment after action     

3. APPLICATION OF VARIOUS APPROACHES TO THE FORGING PROCESS 

Forging is the process of forming and shaping metal materials with use of hammering, pressing or rolling. 
There is used the die forging as an example. In this operation, a single piece of metal, normally hot, is deformed 
mechanically by the application of successive blows or by continuous squeezing. Forged articles range in size 
from nuts and bolts, hip replacement prostheses and crankshafts to gun barrels. Most metals and alloys can 
be forged readily and include most steels [6]. The forging process is one of a lot of processes, where it is 
important to focus on the quality of the final product. Therefore, this article focuses on the use of the mentioned 
methods for this process. 

All three described methods were applied to a particular die forging process for forgings intended for 
automotive braking systems. HCCCP and HAZOP methods were applied only on potential problems related 
to the quality of manufactured products. 

Processed applications have shown that the outputs of all three analyzes are very similar, although individual 
methods do not use same terminology. However, the processed applications have also shown that the most 
information for risk management of potential failures (possible defects) is provided by FMEA. FMEA major 
advantage is, in particular, the possibility of quantifying the risks of potential failures, which is the basis for 
setting priorities in designing risk mitigation actions. 

Table 2 shows a part of the FMEA application to a die forging operation, where the risks of four potential 
failures were analyzed. Two of them were related to product dimensions and two to surface defects. As the 
critical value of Risk Priority Number (RPN) was used common value of 100. The unacceptable risks  
(RPN > 100) were evaluated for possible not keeping dimension 46.3 mm due to die wearing or due to 
unsuitable material temperature and for not keeping shift due to incorrect locating of material in the die. In 
given case proposed preventive actions for risks mitigation were focused to the improvement of failures 
detection. Concretely, it was proposed higher frequency of measurement of given dimensions. 
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Table 2 The part of FMEA for die forging process 

 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2282 

4. CONCLUSION 

There can be seen the short introduction in the article of three useful methods of the risk management, FMEA, 
HAZOP and HACCP. Then there is a comparison of mentioned methods. In the comparison there is visibly, 
that the FMEA is the most widespread method against to each other. Therefore, there is an application of the 
FMEA on the die forging process, where can be seen, how it looks in practical example. In the example is 
visibly, how the FMEA uses all of the items mentioned in the comparison. FMEA can be recommended for 
mitigation of risks of possible problems with quality also for other manufacturing processes. 
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Abstract 

In this paper, the segmentation of the EU countries in terms of the production of crude steel conditioned by 
economic parameters was conducted. The study period concerned the years 2005-2014. 5 groups were 
distinguished, in which similar correlations between parameters occurred. Particular countries were affected 
differently by the economic crisis effects. The conducted segmentation of the countries for 2009-2011 allowed 
for a statement that major changes in the metallurgical production occurred in this period. The situation in the 
construction and industry was of particular importance; however, the strength of impact was varied. Generally, 
in countries affected by crisis in construction industry, crude steel production fell. As a result of the 
segmentation for 2005-2014, one group included countries with different levels of economic development. The 
most important factor was not the level of economic development, but its change. As a consequence, one 
group included countries with a stable economic situation, and another one countries affected by the economic 
crisis. There were also intermediate groups. For the segmentation for 2009-2011, regularities were even more 
visible. 

Keywords: Steel industry, macroeconomic indicators, steel production, Ward method 

1. INTRODUCTION 

The production of iron and steel has influenced the development of civilization for several millennia as this raw 
material was used in agriculture, construction, industry, manufacturing of machines and devices and so forth 
and so on. Iron and steel, together with coal and cotton, played an important role in the industrial revolution 
[1, 2]. The production of steel increased very fast in the second half of the 20th century. At the same time, the 
share of the EU countries in the world steel production decreased. Increase in efficiency and effectiveness in 
this sector also occurred [3, 4, 5]. 

In Europe, metallurgical plants are concentrated mainly along coal deposits in Central and Eastern European 
countries. Therefore, after the accession of ten countries to the European Union, the importance of this sector 
increased. In the new Member States, however, restructurization was necessary, which mainly consisted in 
employment reduction and introduction of new technologies. These actions reduced the operating costs of 
companies and iron and steel production costs [6, 7]. Overall, the metallurgical industry was restructured 
worldwide [8]. China represents around 48% of the global market for steel. The Chinese market is closed to 
outside companies. Additionally, overproduction of steel and dumped prices that destabilize the global market 
also occur there [9, 10]. The EU is the second largest producer of steel in the world, with an output of over 150 
million tonnes of steel a year, accounting for 11% of global output. Steel industry has a significant cross-border 
dimension: 500 production sites are split between 23 Member States, making it a truly European industry. The 
European steel sector finds itself in a very difficult situation. The economic crisis has led to a marked downturn 
in manufacturing activity and associated steel demand [11]. The largest steel industry in the EU was in 
Germany, followed by Italy, France, Spain, the United Kingdom, Poland and the Czech Republic. 25% of EU 
steel production was generated in Germany and as much as 75% in the seven largest domestic producers 
[12, 13]. 

The iron and steel market is influenced, to a great extent, by globalization, which contributes to the transfer of 
this industry to the regions with the lowest production costs. As a result, structural changes occur [14]. This 
sector is vulnerable to the general economic situation as well as industries basing on steel and metal. In times 
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of economic crises, these correlations are more noticeable [15, 16]. The steel market is not an isolated one, 
and the variables in this market are affected by other global factors. The demand for steel, and as a result, the 
volume of its production, is linked to changes in GDP and the developments in industrial production on a global 
and national scale [17]. 

2. METHODOLOGICAL BASES 

The main aim of the paper is to conduct segmentation of the EU countries in terms of the economic parameters 
influencing the change in crude steel production volume. As a result, homogeneous groups of countries in 
which changes have been affected by similar parameters will be distinguished. Specific aims were also set in 
the paper. These are: showing the directions of changes in steel production and determining the influence of 
the economic crisis on the segmentation of countries in terms of changes in steel production volume. The 
period covered by the study is between 2005 and 2014, i.e. the years directly before the economic crisis, 
during the crisis, and the years of economic upturn. The sources of materials include literature, figures from 
the EUROFER, World Steel Association and EUROSTAT. The following methods have been used in this 
paper: descriptive, tabular, graphic and the Ward's segmentation method. 

The Ward method for estimating distances between clusters uses a variance analysis approach and, thanks 
to this, allows for overcoming difficulties associated with the hierarchical nature of the algorithm. The intention 
was to minimize the sum of squares of deviations of any two clusters that can be formed at each stage. 
Distance d is a function of the incompatibility of a pair of objects since the longer the distance between two 
objects, the more they are dissimilar to each other. Therefore, objects that lie close to one another and at the 
same time are far from other objects that form a different cluster are grouped together. The distance function 
is defined on pairs of objects and takes values within the set of non-negative real numbers. The normalized 
Euclidean distance was used in the paper. As a result, 5 clusters were identified [18, 19]. In the Ward method, 
the dependent variable was crude steel production, while the dependent variables of GDP were export and 
import values, industrial and construction production value, and household consumption value. 

3. RESULTS 

In the years 2005-2014, production of crude steel in EU countries decreased significantly. A significant decline 
in steel production was observed in 2009, during the onset of the economic crisis (a decrease by 30%). Having 
recovered from the economic crisis, steel production remained at a level of approx. 1700 million tonnes a year, 
however, this result represented merely 80% of steel production in 2007. Table 1 shows the dynamics of 
changes in crude steel production in most EU countries, excluding those with very low volumes of production 
of this raw material. The list includes 22 countries, and excludes: Cyprus, Denmark, Estonia, Ireland, Lithuania 
and Malta. 

Table 1 presents the dynamics of changes in crude steel production in different EU countries. The countries 
were sorted in decreasing order according to the dynamics for 2005-2014. The biggest production increase 
was recorded in Croatia and Portugal. However, these were countries with small steel production volume. In 
turn, the biggest decreases were in Bulgaria, Latvia and Greece, that is also in countries with small production 
volume. In the leading steel-producing countries on the EU market, apart from Poland and Austria, the 
production fell. In different periods, the dynamics changed. The period before the economic crisis, when steel 
production in most countries increased, was most favorable. As a consequence of the economic crisis, 
production fell in all countries, except Croatia, Slovenia and the Netherlands. The exit from the crisis was an 
opportunity to restore production; however, in most countries there were decreases in production. This 
situation is affected by the relationships on the global market, and also economic relationships in the individual 
EU countries. 
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The aim of the conducted segmentation is to check the relationships between the change in crude steel 
production and changes in economic parameters. It allowed for grouping the countries into segments with 
similar regularities. Segmentations were conducted for 2005-2014 and for the period of economic crisis (2009-
2011). Table 2 shows the division of the countries into groups using the Ward method based on crude steel 
production dependent on economic parameters (see Table 2). It can be seen that generally one group included 
countries with different levels of economic development. The only exception was group 1 in segmentation for 
2005-2014. These were countries with a great connection of industry and construction and steel production. 
In this group, the average production decrease in construction industry was 4%, industry 7%, and steel industry 
6%. In 2015-2014, 9 countries were included in group 2. These were countries with large steel production 
decreases, such as Greece and Latvia, and also countries that maintained or slightly increased production, 
such as Austria and Slovakia. In this group, there was also a strong connection between construction and steel 
production and a lesser connection in the case of industry based on imported steel. The third group included 
four countries where the industry was more closely related to steel production and less to construction. 
Moreover, these countries were in a good economic situation. In group four, there were three countries 
experiencing economic problems in the construction and industry sectors (average decreases of 40% and 9% 
respectively), which also translated into steel production. In these countries steel was exported, as exemplified 
by Portugal. In group five, there were two countries with varied production, in which construction and industry 
generated fewer products (average decreases of 35% and 14% respectively). In both countries the signs of 
economic slowdown were visible in years 2005-2014. 

Table 1 The dynamics of changes in crude steel production in EU countries in 2005-2014 

 Countries Dynamics of changes in crude steel production in years (first year in period =100) 
2005-2008 2009-2011 2012-2014 2005-2014 

Croatia 121.92 107.87 173.96 228.77 
Portugal 143.25 96.28 106.59 147.02 
Austria 108.01 98.42 105.38 112.02 
Slovenia 110.12 103.58 96.39 109.95 
Slovak Republic 100.09 94.50 110.91 104.91 
Poland 116.70 90.24 97.29 102.46 
Netherlands 99.05 101.23 100.39 100.65 
Luxembourg 117.68 97.64 86.99 99.95 
Germany 102.94 96.62 96.97 96.45 
United Kingdom 102.13 70.10 127.25 91.10 
Czech Republic 103.20 87.41 96.01 86.61 
France 91.78 88.26 102.30 82.87 
Italy 104.22 93.94 82.53 80.80 
Finland 93.21 90.24 95.51 80.33 
Spain 104.57 83.18 91.51 79.59 
Sweden 90.23 93.51 93.48 78.87 
Belgium 102.43 75.20 91.34 70.36 
Hungary 107.10 82.59 65.30 57.76 
Romania 80.18 72.39 86.64 50.29 
Greece 109.31 78.08 52.84 45.10 
Latvia 92.30 89.45 38.73 31.98 
Bulgaria 68.24 62.78 73.29 31.40 

Source: Own analyses based on data of EUROFER and World Steel Association. 
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Table 2 Segments of countries in the Ward's classification method in terms of the production of crude steel  
   conditioned by economic parameters 

 Group of 
countries 

Segments of countries in years  
2005-2014 2009-2011 

Group 1 France, Luxembourg, Netherlands, United Kingdom Croatia, Latvia, Netherlands, Spain, 
Portugal, Greece, Slovenia 

Group 2 Belgium, Bulgaria, Czech Republic, Germany, Greece, 
Latvia, Hungary, Austria, Slovak Republic Italy, Slovak Republic, Austria, France 

Group 3 Poland, Romania, Finland, Sweden Czech Republic, Hungary, Romania, 
Bulgaria 

Group 4 Italy, Portugal, Slovenia Poland, Germany, United Kingdom, 
Belgium 

Group 5 Spain, Croatia Luxembourg, Finland, Sweden 
Source: Own analyses. 

                  
a) 2005-2014      b) 2009-2011 

Figure 1 Connection trees in Ward's classification in 2005-2014 i 2009-2011 
Source: Own analyses 

In the period of the economic crisis (years 2009-2011 were adopted for this period), the grouping of countries 
changed (see Figure 1). It turned out that the stabilization of the economic situation affected segmentation. 
Countries experiencing economic crisis effects recorded a decrease in steel production. In 2009-2011 the 
worst economic situation was in group 1, where the average decrease in value generated in construction was 
40%, and in industry 10%, with the average decline in steel production of 10%. Despite the great economic 
problems, falls in the metallurgical sector were not very large. Group 2 included countries with a fairly stable 
situation in which steel production decreases were proportional to the deterioration of the situation in industry 
and construction. In the third group, the biggest falls in steel production were recorded, which was very much 
related to the decline in construction production and less to industrial change. Groups 4 and 5 included 
countries with the most stable economic situation, where the falls in steel production were the smallest. There 
was a strong connection between steel production and industrial production, and a smaller connection with 
construction. 
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4. CONCLUSION 

Crude steel production in the EU decreased in the years 2005-2014; nevertheless, these changes occurred 
with varying intensity in particular countries. In this period, there was an economic crisis, which additionally 
allowed for determining the regularities between economic situation and steel production. The use of 
segmentation through the Ward method allowed for grouping the countries into segments with similar 
correlations. Adoption of the years 2005-2014 for research, and later only the period 2009-2011, showed 
changes in grouping of the countries. In the period of economic crisis, the grouping was better because one 
group included countries experiencing similar effects of the economic slowdown. Various connections between 
industrial production and steel production were also noticed. There were groups in which there was a stronger 
connection between construction and steel industry, but also segments with closer industrial connections. In 
addition, these connections were more or less proportional. Construction and industry sectors were generally 
most closely linked to changes in steel production in the EU. The influence of the stabilization of economic 
situation on changes in steel production was also noted in particular countries. The less stable the economic 
situation was, the greater the declines in steel production were. 
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Abstract 

The globalization process which manifested primarily by the growing share of developing countries in the 
world's manufacturing industry, forces Western European economies to take steps to improve the 
competitiveness of local metallurgical production. The ongoing process of relocating companies across Europe 
is threatening to deepen the decline of industrialization. Fears of Europe's marginalization in world production 
have prompted German experts to develop a new Industry 4.0 program that will help regain the status of a 
leader in the industrialization of highly developed countries. As part of the proposed concept, which is to 
underpin the Fourth Industrial Revolution, a close integration of physical facilities with the information network 
is planned. The emergence of sophisticated corporate networks, combined smart resources communicating 
over the Internet. This means that today's businesses face the next challenge of building and collaborating on 
cyber-physical systems. 

The paper attempts to identify key problems related to the functioning of enterprises within the metal logistics 
network (steel production, distribution, metalworking, etc.), especially in the face of the challenges of the fourth 
industrial revolution. 

Keywords: Industry 4.0, metallurgical production, technical-economic development 

1. INTRODUCTION 

As a result of globalization, the share of developing countries in the world's manufacturing industries such as 
China and India has increased significantly. The ongoing process of relocating businesses outside Europe is 
threatening to deepen the decline in industrialization and the marginalization of Europe in global production, 
as indicated by economic forecasts [1]. This fact forces the European countries to take steps to significantly 
improve the competitiveness of their enterprises, which will allow them the status of a leader in the 
industrialization of highly developed countries to be regained. 

One of the proposed solutions, which is to revolutionize modern industry, is the new Industry 4.0 platform 
developed by German experts. The proposed concept is to combine physical objects with the information 
network and form the basis of the Fourth Industrial Revolution. It plans to set up sophisticated business 
networks linked by intelligent resources that communicate by the Internet. This means that today's businesses 
face the next challenge of building and collaborating on cyber-physical systems. 

The concept of the Industry 4.0 is oriented towards high productivity of industrial systems and high profitability 
of realized projects. It points to a number of benefits that can flow from its use. It is worth noting the increase 
in production flexibility and organization of production of more personalized products. This means the ability 
to meet the needs of the customer which is the user of the product without detriment to the profitability of the 
production process by dynamically aligning the autonomous modules of the entire process of preparing, 
producing and delivering the product to the customer using Internet of Things and information stored in Big 
Data and Cloud Computing [2]. In addition, it is possible to significantly improve production efficiency through 
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the use of material, manufacturing, labor resources of network partners working together with unused 
production capacities. This intensifies the need for research into the problems of developing networked forms 
of co-operative corporations to operate in the era of the concept of Industry 4.0 [3], [4]. 

The article seeks to answer the question of what the Fourth Industrial Revolution in the Polish metallurgical 
industry is likely to succeed and what problems will have to face. The main aim of the paper is to identify key 
problems related to the functioning of enterprises within the metal logistics networks (steel production, 
distribution, metalworking, etc.), especially in the face of the challenges of the Fourth Industrial Revolution. 

2. THEORETICAL FRAMEWORK OF THE INDUSTRY 4.0 

The concept of the Industry 4.0 means to increase digitization of the entire value chain and interconnection of 
people, objects, systems through real time data exchange. The most important foundation of the Industry 4.0 
is smart technology and creation of the Cyber-Physical Production Systems (CPPS). These systems must be 
flexible and self-controlling. A concept of a smart factory should be oriented towards high profitability of 
production plants and value added of industries. Companies have to change from existing forms of business 
activity to the new platform. This task requires a total transformation of organizations and their processes. The 
process should be managed in a new way where a significant element of a success is a digital thinking and 
collecting and analyzing data. All production areas should be fully integrated and controlled using advanced 
IT technologies [11]. Production organization is aiming for much greater efficiency, flexibility and speed. Main 
elements of Industry 4.0 development in Figure 1 are shown. 

 

Figure 1 Elements of Industry 4.0 development [5] 

The main goal of the Industry 4.0 is to increase competitiveness through first of all smart equipment, making 
use of information about high-wage locations, resources, energetic efficiency and also urban production [6]. 
As a result of this concept developing is to create fully automated and Internet-based smart factories.  
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It means progress in three significant areas [7], [8], [9]: 

 digitalization of production (information systems for production planning and management); 
 automation (systems for data acquisition from machines and production lines); 
 Automatic Data Interchange (linking manufacturing sites in a comprehensive supply chain). 

In smart factories the priority is a mass customization (MC). This is a combination of the advantages of unit 
and mass production. Unit production is done according to the preferences and tastes of customers on their 
special order, so it takes a long time and is associated with high costs of design, production preparation, etc. 
Mass production involves the rapid production of the repeatable or often the same products in large quantities. 

In mass customization, the customer determines the characteristics of the product that he wants to purchase 
and automatically, very fast is manufactured such a personalized product. This solution is very attractive to the 
customer, but it is a real challenge for the manufacturer, who must prepare the procurement system and 
production system to automatically and quickly produce customized products [10]. The expectations and needs 
of every client are fulfillment, but it is connected with an increase of design and manufacturing costs. Products 
meets customer's needs the best with almost mass production efficiency. MC is possible when enterprise has 
flexible manufacturing system, can also rapid design and implement new products and processes. The design 
process must be accelerated by the use of simulation and analytics in such a way that the first sample produced 
is efficient and fulfills customer expectations. Using simulation and 3D printing will enable rapid prototyping, 
which will greatly increase the cost savings of materials and energy [12]. 

The mass customization brings many benefits such as: increased customer satisfaction, reduced cost of 
capital, reduced cash flow variability, increased brand equity, reduced price sensitivity, increased chances to 
cross sell and up-sell, increased customer loyalty, increased share of wallet, increased purchases, reduced 
promotion costs, ease of launching new products. 

3. BARRIERS AND BENEFITS OF INDUSTRY 4.0 DEVELOPMENT IN METALLURGICAL  
PRODUCTION 

The main barrier to the development of the concept of the Industry 4.0 is limited investment opportunities what 
means a lack of capital needed to develop a technical infrastructure and automation and communication of 
machinery and equipment. In the metallurgical industry, small businesses dominate, so this factor significantly 
impedes the implementation of this concept. In addition, a significant barrier is low labor costs, which do not 
mobilize to implement fully automated production lines [12]. 

Introducing the 4.0 concept in practice can help in the very dynamic development of the metallurgical industry, 
but it involves overcoming many important barriers and making many changes. The most important 
technological solutions and the resulting benefits of the introduction of the Industry 4.0 concept in the 
metallurgical industry are shown in Table 1. 

The Industry 4.0 will allow analysis and data collection by devices enabling faster, more flexible and efficient 
production of higher quality goods at lower cost. The use of robots will allow for very quick re-assembly, will 
reduce the cost of operating the production line, and shorten the time from receipt of the order to deliver the 
product to the customer. Simulations will allow operators to test and optimize device settings before changes 
are made in the real world. As a result, the device configuration time may decrease by up to 80% and product 
quality will improve [12]. 

The introduction of vertical and/or horizontal software integration will allow for full integration of IT systems 
with suppliers, customers, and all phases from design to implementation and full operations of the production 
line. On the other hand, the Internet of Things will bring significant growth in built-in sensors and processors 
in the device, and even in the workflow components, which will improve their communication and interaction 
overall. It will also affect more centralized control and real-time decision making. Currently used electronic 
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RFID which are integrated into the components make the workplace equipment aware of what to do in order 
to complete the product and how to adapt the production line to the task [2], [12]. 

Table 1 The most important technological solutions and the resulting benefits of the introduction of the  
   Industry 4.0 concept in the metallurgical industry  

Implemented solution Main benefits 
Autonomous robots  quick (few seconds) customization of the production line to produce the next item of the 

product 

 reduce costs associated with operating the production lines 

 shorten time between ordering and delivering the product to the customer 

Simulations  dramatic reduction time of device configuration  

 improve product quality 

Vertical/horizontal 
software integration 

 full integration of all IT systems 

 fully automated value chain 

Internet of Things  improve communication and interaction between devices and elements in progress 

 more centralized control 

 real-time decision-making 

Additive manufacturing  reducing the cost of materials used in production 

 reduction of machine downtime 

 weight reduction of components 

Cybersecurity  increased communication reliability 

 advanced user identification systems that provide access to devices 

Cloud  extensive data exchange 

 increased cloud efficiency 

 drastic decrease in response time (up to several milliseconds) 

Big data and analytics  real-time decision-making 

 increase energy efficiency 

 optimizing product quality 

 improved maintenance and service 

Augmented reality  supporting different activities 

 accelerate decision-making processes 

Applying Industry 4.0 solutions requires the use of key systems and production lines to protect against cyber-
attacks. As a result, the reliability of communication and use of advanced user identification systems that 
provide access to the devices increases. In turn, the use of 3D printers that are currently used to build 
prototypes and produce individual components will be expanded to produce full series of products that have 
complex shapes and lightness [12]. 

Using cloud-based software allows for extensive data exchange. In Industry 4.0, cloud performance will 
improve considerably and their response time will drop to the order of several milliseconds. So the use of 
clouds will increase. Process monitoring and control systems can also rely on cloud. Big Data based analytics 
will primarily enable real-time decision-making and extended reality systems support a variety of activities 
(such as identifying a particular part in a warehouse, sending repair instructions through mobile devices, etc.). 
In the future, they will help to make decisions faster [4], [12]. 
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4. CONCLUSION 

Introducing the Industry 4.0 concept in the metallurgical industry is a huge challenge, primarily due to the lack 
of sufficient capital to introduce the necessary new solutions, especially in the small businesses dominating in 
this industry. However, these new solutions are necessary because they change the approach and technology 
of production and help to gain competitive advantage in the market. Existence in the market in the near future 
will certainly be seriously threatened for companies that can become completely unattractive to customers 
without introducing concept 4.0. 

The Industry 4.0 concept involves the creation of smart factories based on the mainly nine technological 
solutions described in the article, which revolutionize product manufacturing and enterprise management. The 
demonstrated benefits indicate that the preparation of metalworking companies into the Fourth Industrial 
Revolution is necessary. 
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Abstract  

All companies have to face a variety of everyday problems, regardless of the sector or particular focus of the 
organization. It also applies to enterprises in the metallurgical industry. Companies try to turn to the approaches 
of lean production in the hope of finding an easy and efficient solution of the issues occurring in manufacturing 
processes or other business areas. The effort to achieve reduction of wastes and cost savings often runs into 
a number of associated problems. The effectiveness of lean production methods used in practice depends on 
a wide range of factors, including the proper identification of the real problems, their description, detection of 
the current state, identification of potential and root causes, determination of the desired state and definition 
of ways to achieve it. Last but not least it depends on the choice of the right people, who will participate in the 
implementation of all these steps. Structured problem solving and application of lean production methods and 
tools should represent one of the basic skills of successful organization and its management. Mismanagement 
of these activities is often a source of unnecessary costs throughout the organization and can lead to fatal 
consequences, such as loss of a customer or customers. The article presents the potential of application of 
structured problem solving in enterprises engaged in steel production. 

Keywords: Problem solving, lean approach, continual improvement 

1. INTRODUCTION  

The interest of enterprises to modernize the management systems, develop new products, restructure the 
processes and reduce the costs is permanent. This interest is also confirmed by annual listings of topics for 
master or doctoral theses in field of study such as mechanical technology or metallurgy. 

In metallurgical secondary manufacturing, where the material is moulded by plastic deformation, it can concern 
metallurgical or mechanical engineering forming. In both cases, the enterprise engaged in the specific 
production needs appropriate tools, preparations or forms which must be produced, maintained and stored 
somewhere. A number of enterprises has therefore set up special departments or divisions, which are 
exclusively focused on these purposes - tool rooms, equipment rooms etc. For example the company Třinecké 
železárny a.s. and its subsidiary VÚHŽ a.s., which ranks among the modern enterprises producing machinery 
equipment for metallurgical plants and technological devices for secondary metallurgy. 

The contribution presents the implementation of structured problem solving into the tool room department, the 
main tasks of which include the design of tools, templates, retractable technology and die casting moulds, the 
production of new tools, preparations and die casting moulds, the production of die casting moulds according 
to submitted documentation, repairs and maintenance of manufactured products. 

2. METHODOLOGICAL BASE 

A problem can be seen as an unsolved, debatable question which is to be solved; something which is difficult 
to solve. The basis of problem solving is a search for solutions, which are expected to provide us with 
satisfactory results with respect to the issue being solved, using appropriate methods and necessary available 
resources. Any problem can be grasped as a challenge. Successful problem solving will cause a positive 
change and improvement of its original state and condition. If we look at problems and their solutions from this 
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point of view, we will get into the area of improvement, where the generally recognized improvement 
methodologies can be used. If we look at each problem and its solution as something unique that must be 
resolved within a limited time and with the resources available, we can use project management methodology 
for the solution. 

2.1. Basic methodology 

Table 1 compares selected methodologies which can be used to solve problems in organizations [1, 2, 3, 4, 5]. 
The boundaries of particular approaches are not always strictly determined nor respected. 

Table 1 Selected methodology  

PDCA cycle 
ISO 9004:2000 

(nowadays invalid) 
Six Sigma DMAIC Global 8D Project Management 

Plan - establishment 
of the objectives of 

the system, its 
processes and 

needed resources  
 

Identification of 
problem process (area) 

for improvement and 
reason for working on it 

Define - definition a 
problem, 

establishment of a 
team 

Plan for solving the 
problem Identification and 

development of 
opportunities Establishment of a 

team of people 

Description and 
evaluation of the 
current situation 

Measure - 
establishment of 

current baselines as 
the basis for 
improvement 

Description of the 
problem 

Feasibility evaluation, 
frameworks and 

specifications, starting 
points of the project 
Choice of manager, 

establishment of a team 
of people 

Development of project 
plans 

Preliminary of 
protective measure 

Analysis - 
determination and 
verification of root 

causes 

Analyze - 
identification, 

verification and 
selection of root 

causes 

Determination and 
verification of root 

causes 

Do - implementation 
of what was planned 

Identification of possible 
solutions and 

implementation the best 
one 

Improve - 
identification, testing 

and implementation of 
a solution of the 

problem 
 

Comparison of the 
results with the initial 

conditions 
 

Choice and 
verification of 

permanent 
corrections 

Implementation - direct 
project work 

Check - monitoring 
and measurement 
of processes and 

the resulting 
products and 

services according 
requirements, report 

of the results 

Evaluation of effects 
Implementation of 

permanent corrective 
actions 

Controlling - control 
project work and all 

subject groups 

Act - 
taking actions to 

improve 
performance 

Implementation and 
standardization of the 

new solution 

Control - monitoring of 
the improvements, 

creating a control plan 
and standard 
procedures 

Prevent recurrence 
of these and similar 

problems 

Closing -closing of 
project phase or project, 

closure report 
 

Evaluation of the 
effectiveness and 
efficiency of the 
process with the 

improvement action 
completed 

Update documents, 
business process and 
training records, thank 

the team 

Team recognition Collecting of lessons 
learned 

As the basis for problem solving approaches can be considered the Deming PDCA cycle, which is often 
associated with the production system in the Toyota company known as the Toyota Production System (TPS) 
developed after World War II. The TPS lean manufacturing, the lean enterprise actually, uses a wide range of 
techniques, tools and methods for its operation. Fujio Cho, the president of the TMC says that the application 
of the Toyota production system in other than manufacturing plants is possible, but it requires a certain amount 
of creativity [1]. 
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Jeffrey K. Liker [1] presents that understanding and commitment of top management are crucial for the creation 
and effective utilization of own learning lean organization using the concept of Toyota. If the leadership does 
not want to commit to a long-term vision of providing added value to customers, the development of employees 
and partners and in case the long-term continuity of corporate culture is not ensured, it is preferable to use 
familiar tools for short-term improvement processes. 

Improvement in organizations is also a requirement of standard Quality management systems - Requirements. 
„The organization shall determine and select opportunities for improvement and implementation of any 
necessary actions to meet customer requirements and enhance his satisfaction.“[6] The improvement can 
include breakthrough change or continual improvement, innovation, reorganization, but also correction or 
corrective action. We use corrections or corrective actions for solving different problems in organization [8]. 

Choice of the methodology used depends especially on the type of production, business area, supply chain 
continuity and company management [9, 10]. However, it is preferable to use processed standards for 
solutions in all cases. Standards can be prepared in various forms, e.g. as rules, regulations, guidelines or 
procedures, or characteristics of activities or their results. The significance of standard, its creation and use 
increase with the eventuality of the formation, range and intensity of negative impacts, as well as with the 
number of possibilities of its use. From this point of view, the use of standard for problem solving in the steel 
plants in the Czech Republic seems appropriate and desirable. The standard in the form of a 3A report has 
already proved useful in the context of the TPS and its lean manufacturing. 

2.2. Structured problem solving 

Structured problem solving uses open communication and concentrates on finding an effective solution, 
knowledge and skills of the specialists in the team. It transfers the co-responsibility for both long-term and 
operative problem solving in production to them. Shopfloor management is a key element in this process and 
provides the necessary interconnection of individual steps during the process of solution. Standard Problem 
Solving Template can be reused for each process of problem solving, see Figure 1.  

 
Figure 1 Standard Problem Solving Template 
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3. A CASE STUDY ON THE APPLICATION OF A STRUCTURED PROBLEM SOLVING    

The contribution presents the use of visualized structured problem solving as a tool for elimination and problem 
solving on a practical example from a tool room. This Standard Problem Solving Template was used for the 
adjustment of tool used for the repair of stator lamination [7]. 

Structured, team problem solving can be summed up in a minimum of six basic points in Figure 2. All members 
of staff must get familiar with the methodology and rules of problem solving, e.g. at a briefing session. Practical 
examples can show them how to write down problems, where there are places with the forms, how to deal 
with recorded problems and where the feedback on the progress of the problem solving can be found. 

 
Figure 2 Six basic points of structured problem solving 

1st point - Problem message reported by the employee 

The employee reports the identified problem to the person in charge or writes it down to the form directly at 
the collection point (date and time when the problem occurred, detailed data such as order, account, or material 
number, description of the problem, legible signature of the problem reporter). 

2nd point - Record of the problem into the database 

The responsible employee enters the problem into the problem database and assigns it an ID number 
(production order, device type, problem type, priority). He determines the person responsible for the problem 
solving (e.g. by selecting from the catalogue where there are departments and persons suitable for problem 
solving in the particular area - specialists). He proposes the deadline till when the problem will be removed. 
The database is used for information transfer, request for a specialist, history of solved problems or detection 
of ineffectively solved, recurring problems. It is advisable to enter the complete documentation related to each 
problem there. 

3rd point - Cause analysis 

The employee responsible for the problem solving reads a problem assigned to him / her from the database, 
he / she provides it with available data, carries out an analysis using the four-phase method with the selection 
of the main causes and proposes measures to remove the problem. If he / she is not able to perform some of 
the tasks individually, they are carried out as part of a team meeting. 

4th point - Proposed solution and measure, approval 

Both presentation, defence of analyses and proposed solutions with measures for particular problems by 
responsible employees take place at a team meeting. During the presentation, remarks, comments and 
completion of the proposed solution are made within the team. Issues which could not be solved individually 
in advance are resolved within the teamwork. The problem-solving team carries out data collection, 
specification, analysis, root causes selection and proposes solutions and determines measures. In order to 
make the meetings effective, it is important to keep certain rules - the responsible staff is summoned by the 
discussion leader who opens the meeting, introduces the agenda and the sequence of particular problems. 
Responsible persons present individual problems and their solutions. The discussion is conducted by the 
discussion leader who enters data into the database and deals with other documentation. After the meeting, 
the discussion leader prints out the list of solved problems including the solution proposals and the assigned 
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implementation progress and displays the list in the workplaces. He / She writes down the feedback to the 
problem collection site. This is performed after each team meeting. 

5th point - Realisation (implementation) 

The implementation starts on the basis of approved proposals from the team meeting and it´s performed by 
an authorized employee. Partial implementation steps can be carried out by other departments. Coordinating 
and implementation control are provided by the discussion leader. 

6th point - Check and evaluation 

In order to make the whole problem solving process viable, it is necessary to have a set control of how the 
problems are dealt with. It can proceed e.g. by going through a list of problems item after item by the 
representative of the company management, with the participation of the foreman and the head of the 
department. The results are presented in the form of proposed solutions and implemented measures. The task 
of the company management representative is the check of the problem solving process, the check of the 
measures undertaken, strategic support, and pressure to accelerate the implemented steps. 

The functionality check of the performed measures is also carried out by individual members of the staff who 
have reported the problem or who are affected by the problem. The comments and evaluation are recorded 
into the list of problems at the collection site. Checks can also be performed online by viewing the database. 
The following step can be the standardization of the determined solution, on condition that it is successful and 
effective. 

The suitability of using a structured problem solving has been verified on the basis of the problem solving of 
an unsatisfactory moulding dimension with coaxiality out of tolerance. 

After setting the measures, the proposed solution based on root causes was assigned to the action plan, where 
the implementation deadline and the responsible persons were determined. The following Table 2 summarizes 
the individual steps including the results of the implementation. 

Table 2 Application of A3 Problem solving 

 



May 24th -  26th 2017, Brno, Czech Republic, EU 

 
 

2298 

4. CONCLUSION 

The achieved results demonstrate that the methods of lean manufacturing and structured problem solving can 
also be successfully implemented into support operations, e.g. tool rooms, i.e. those which do not have the 
character of serial or mass production. The functionality of this process has been proved. 

The standardization of individual steps can also be applied for solving different, existing or potential problems 
in the organization.  

The implementation in practice has shown that the management support is crucial for successful problem 
solving. Transfer of shopfloor meetings with the participation of management which is more closely connected 
with the production and its daily problems brings instant feedback, reaction to the development of determined 
indicators. 

Using the Standard Problem Solving Template for the problem solving and its visualization have obviously 
brought positive results with an impact on the cost, time and efficiency of the production process. 

The evaluation concludes that lean manufacturing, especially Structured Problem Solving, Gemba Walk and 
Gemba Meeting which were processed and implemented are viable and sustainable in time. Among the 
benefits, there is the employees´ belief that the introduction of lean manufacturing is possible and purposeful 
even in piece and professional production, such as tool room. 

Structured problem solving together with other lean manufacturing tools and approaches can contribute to the 
improvement of effectiveness and quality both in the production and in providing of services and therefore to 
the competitiveness of the company.  
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Abstract 

It is more and more difficult for companies and firms to survive in the highly competitive environment at the 
present. This is why they try to find ways to achieve competitive advantages, which is associated with 
investments in innovative technologies or information technologies. This paper analyse the investment project 
for robotization of the metal-bearing material sample preparation department. It describes the individual phases 
of the investment project and associated cash flows and the investment efficiency evaluation methods. The 
objective of the paper is to evaluate the investment project using appropriate investment evaluation methods 
for efficient decision-making and project management, which is extremely important for the company. 
Investment decisions are among the most critical decisions made by the company's management. Inefficient 
and improperly focused investment may cause serious financial problems or even dissolution of the company. 

Keywords: Metal-bearing materials; capital expenditure plan; analysis; cash flow 

1. INTRODUCTION 

The fourth industrial revolution already directly affects many production companies and their customers. Those 
who get ready for the future using the most recent technologies and their interconnection using information 
technology in a timely manner will secure a competitive advantage, and not only in the medium term. The 
fundamental role in this respect is played by interconnection of all technical components and production data 
required for the production process. 

The new wave of innovations in the form of industry digitalization provides companies with new opportunities 
to win a competitive advantage. Only those companies which have an opportunity to analyse and utilize huge 
amounts of data will be able to secure the critical added value for their customers. The data is transformed 
into knowledge and business models based on a combination of process and product know-how, data and the 
application software that uses it. The Industry 4.0 strategy is starting to be applied not only in production, but 
also in process technologies; for instance, in remote diagnostics or predictive maintenance. It reduces 
operating costs and expands the offer of products and services. It reduces the time required to place a product 
on the market and enables bigger differentiation based on the needs of the individual customers. [1] 

At present, robotization is often associated with the term Industry 4.0 that is based on digital transformation 
and automation of industrial production. 

The advantages of using automation or robotization in a company stem from the fundamental principles, such 
as performance, speed, precision, but they can also offer opportunities for more suitable and creative utilization 
of human resources. Although making decisions about using automatic solutions for individual operations or 
logistic activities remain basically the question of economic reasons, duration and the rate of investment return, 
the Czech Republic is an attractive region owing to the historical structure of its industry, economic structure 
and geographical position. The interest in automation and robotization is starting to gradually move over to 
small and medium-sized companies. [2] 
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2. COMPANY INVESTMENT PROJECT 

The company is aware of the fact that winning a competitive advantage requires innovation in the area of new 
products, technologies, efficient production, satisfying customers’ needs and the flexible placing of  products 
on the market. Only those companies which are able to orientate themselves towards the given  issue and 
specify the departments or activities suitable for automation or robotization will prosper. And this is  associated 
with, for instance, investments in innovative technologies which can bring the required benefit to  the company 
if they succeed. 

The company’s investment project is about robotization of the metal-bearing material sample preparation 
department where an automatic milling line, grinding machine and milling cutters are used. The purpose is to 
interconnect them with handling robots. This mainly concerns machines used to prepare an essential part of 
the test samples in the quantometry department. The intended investment is the purchase of a new automatic 
milling line in the amount of CZK 9,000,000 and a robotic handler for the milling cutter in the amount of CZK 
2,500,000. 

The investment project would result in faster sample preparation, the improved quality of samples and a 
decrease in costs. Three alternatives were prepared for the investment project's evaluation. Alternative one 
only includes the purchase of the automatic milling line. Alternative two takes into account only the purchase 
of the robotic handler and alternative three includes the purchase of both automatic milling line and robotic 
handler.  

The company will fund 40 % of the investment project from its own resources and the remaining 60 % by long-
term bank loan for a period of 5 years with an interest rate of 4 %. The life cycle of the automatic milling line 
and robotic handler has been fixed at 12 years. 

2.1. Investment Project Cash Flow 

The investment project cash flow comprises planned expenses and revenue imposed by the investment project 
during the course of its implementation, operation or liquidation. [3] The estimate of the future revenue and 
expenses is the critical element of the entire decision-making procedure concerning the investment. The 
expenses are any and all “costs” incurred at the moment of leaving the bank account or petty cash. The 
expenses may include: expenses for material required for production, purchase of company equipment, 
expenses for purchased services (internet, telephone, legal services, etc.), repayments of loan received, 
personal costs (wages and insurance), indirect costs, promotion expenses, taxes or expenses for repairs 
completed. The revenue is to include the actual revenue not as of the invoice issue date, but as of the day 
when it is actually credited to the bank account and thus becomes free and usable funds. The revenue may 
include: revenue from sale of goods and services, sale of (old) company equipment, new load received, 
accrued interest, tax refund or invested capital. The trend of these factors is hard to predict, and, therefore, it 
is necessary to involve various sophisticated statistical and econometric methods at this stage. It is obvious 
that accurately calculated and entered input data is the prerequisite for correct and accurate results. 

The main capital expenditures of the investment project include the acquisition prices of the automatic milling 
line and robotic handler, as well as the interest rate on the long-term bank loan, personal costs, inflation and 
construction works. The expected cash income from the investment project includes the value of leasing 
machinery and premises due to the removal of the old milling line, expenses associated with servicing thereof, 
the reduction of ½ of the work load per shift, including reduced personal costs. 

Investment affects the company’s cash flow in the long term, and, therefore, it is required to respect the aspect 
of time and risk when planning the profit and, subsequently, the cash flow of the investment project. The time 
and risk are taken into account by the mathematical discounting operation. Discounting means the conversion 
of planned cash income and cash expenses to their present value. The investment project's expenses are 
discounted only if they are spent over a period exceeding one year as of the investment project's 
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commencement. Determination of the company discount rate value represents a significant part of the 
economic evaluation of the investment project. [4] 

2.2. Analysis of selected investment indicators 

There are a number of methods which can be used for evaluating the investment's efficiency. The basic input 
parameters characterizing the investments include the starting capital expenditures, cash flow from the 
investment in the individual years, investment life cycle, and the weighted costs of capital taking into account 
the risk factor. The methods taking into account the influence of time on the value of money and also the risk 
as for the interest rate were chosen as follows: net present value, internal rate of return and profitability index. 

Net Present Value 

The concept of the net present value is based on the principle of the value of money as it uses the present 
value factor or discount rate to convert the future revenue and expenses of the project to their present value. 
The net present value is usually identified as NPV and is expressed by the equation 1 [5]. Table 1 shows the 
net present value of all the alternatives analysed. 
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         (1) 

where: 
NPV net present value, 
II  internal investment, 
i individual years of investment. 

Table 1 Net Present Value 

Alternatives Alternative I Alternative II Alternative III 
NPV CZK 4,087,773 CZK 7,605,073  CZK 30,884,668  

The higher the net present value, the more economically efficient the project is. The analysis indicates that 
alternative three is beneficial for the company. 

Internal Rate of Return 

The internal rate of return (IRR) is the method of evaluating the efficiency of investment projects which 
considers the cash income from the project's effect and respects the time factor (equation 2). The internal rate 
of return equals the discount rate in a situation when the present value of future income equals the capital 
investment. 

)i(i
NPV+NPV

NPV+i=IRR LH
HL

L
n         (2) 

where: 
IRR internal rate of return, 
IL lower chosen interest rate, 
IH higher chosen interest rate, 
NPVL net present value at lower interest rate, 
NPVH net present value at higher interest rate. 

It is easy to apply the internal rate of return as the criterion for making a decision on accepting or rejecting the 
project. The company should accept the subject project if its internal rate of return is higher than the discount 
rate, i.e. the required rate of return on the project. If the internal rate of return on the project is lower than the 
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discount rate, the project should be rejected. Table 2 below shows the calculated internal rate of return for all 
the alternatives analysed. 

Table 2 Internal Rate of Return 

Alternatives Alternative I Alternative II Alternative III 
IRR 19.66 % 26.63 % 41.46 % 

The higher the internal rate of return, the more economically efficient the subject project is. In this case, the 
analysis indicates that Alternative 3 is beneficial. 

Profitability Index 

The profitability index (PI) expresses the present value of future revenue of the project per unit of the 
investment's expenditures, converted to the present value (equation 3). Table 3 shows the profitability index 
of all the alternatives analysed. 

 
K
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n
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i
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           (3) 

where: 
PI profitability index, 
CFi cash flow from investment in individual years of its life cycle, 
k  required revenue, 
K  starting investment expenditure, 
i individual years of investment. 

Table 3 Profitability Index  

Alternatives Alternative I Alternative II Alternative III 
PI 1.45 1.86 4.43 

The investment is acceptable if the profitability index is higher than or equals 1, which is directly related to the 
requirement of non-negative NPV. The more the project profitability index exceeds the value of one, the more 
economically efficient the project is. The analysis indicates that alternative three is beneficial for the company. 

2.3. Evaluation of Results 

The management’s decision on accepting or rejecting the investment project is associated with great 
responsibility towards the company's future development. Prior to making such a decision, it is required to 
thoroughly assess all aspects of the planned investments; in particular, long-term investments. The major 
portion thereof in case of the evaluated company comprises investments in the acquisition of the new 
automatic milling line in the amount of CZK 9,000,000 and a robotic handler for the milling cutter in the amount 
of CZK 2,500,000. 
The objective of this paper was to evaluate the efficiency of the investment project in three alternatives and 
assess the suitability of applying the individual evaluation methods to analyse the long-term investment plans. 
In case of the analysed investment project, we can conclude, based on the values calculated above, that 
Alternative three is the most efficient for the company, i.e. acquisition of the robotic handler and automatic 
milling line. Nevertheless, all three alternatives are economically acceptable for the company. 
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3. CONCLUSION 

New technologies and innovations offer many opportunities to companies. They are slightly different for each 
business branch, but the important thing is that they can help us be one step ahead of our competitors. If we 
know the trends and development, we can imagine better what the future will be like and get ready for it before 
it comes. [6] Many companies respond to events when they occur, but the successful ones respond much 
earlier before they occur, which significantly diversifies them from their competitors, thus giving them a major 
edge. 

At present, automation and robotization are applicable in various industries. Robotized technological 
departments or technological complexes are established which consist of several robotized departments. 
Industrial processes can be robotized only in large-lot productions, as well as in small-lot or single-piece 
production. We should robotize a process only when it makes sense in technological, technical and financial 
terms, if it offers advantages, including but not limited to: reduced operating costs, improved quality, better 
production flexibility, high rate of return on investment. 

Information technology is currently considered to be the critical factor affecting economic and social 
development. [7] Thanks to the dynamics of its development, extent and radius, information technology is 
essential for contemporary society. 
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Abstract  

Control chart is the basic tool of the statistical process control (SPC). It aims to an early detection of errors in 
the process and thereby ensures compliance with the required level of stability. The statistical process control 
is an integral part of the production management necessary for achieving a high product quality. Just the 
quality of the product decides the customer satisfaction and thus the success of the whole company. Classical 
Shewhart control charts can be used only if there are met certain basic assumptions. These assumptions 
include, for example, data normality, their independence and constant mean and variance. In practice, such 
as the metallurgical industry, those assumptions about the data are not necessarily always met. In the case 
that these conditions are not met, there may be used non-parametric and robust control charts. This paper 
presents some of these non-traditional control charts. This article aims to define the difference between robust 
and non-parametric methods. Another aim of this article is to present the possibility of evaluating the 
robustness, and the evaluation of effectiveness based of individual control charts. Particular evaluation 
methods are complemented by practical examples from the metallurgical process. Conclusion of the article 
includes comparisons of the used control charts, both in terms of robustness and effectiveness. During 
preparation of this article accessible pieces of knowledge on the issue were compared, including the use of 
SPC in the metallurgical industry. This article is the basis for further examination of the problem, including a 
more detailed processing of the software support. 

Keywords: Robustness, effectiveness, statistical process control, non-parametric control charts,  
         steelmaking process 

1. INTRODUCTION  

Statistical process control (SPC) is an immediate and continuous process control based on the mathematical-
statistical evaluation of the product quality. If a company wants to achieve the high quality consistently, it has 
to collect, process and analyze systematically data available from the production and conclusions of the 
analysis must be used for continuous improvement. Statistical process control allows interventions in the 
process based on the early detection of deviations from a predetermined process level. It is implemented by 
regular monitoring of the controlled process variable or output variable. It is found out whether it corresponds 
to the process level required by the customer. Achieving the desired level of the process requires a thorough 
analysis of the process variability. To use the classic Shewhart control charts, the certain basic assumptions 
about the data must be met. In the manufacturing practice, however, it is not always possible to meet these 
basic assumptions (normal distribution, constant mean and variance, independence of data). This article aims 
to define the difference between robust and non-parametric methods. Another aim of this article is to present 
the possibility of evaluating the robustness, and the evaluation of effectiveness based of individual control 
charts. Particular evaluation methods are complemented by practical examples from the metallurgical process. 

Typical breaches of assumptions in some industries are shown in Table 1. [5] The "x" denotes a violation of 
the assumption, and the "-" designation then determines the predominant fulfillment of the assumption. As in 
the metallurgical industry, also elsewhere, it is necessary to perform various measurements. It may be a 
measurement of length, weight, hardness, strength, temperature, pressure or chemical composition. The 
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measurement takes place both in the pre-production phase and in the inter-operational and the final inspection. 
The data obtained must then be analyzed and conclusions used to improve the quality of the product. [6]     

Table 1 Typical breaches of assumptions [5] 

 -  -  - x

x x x x

x x x x

Mechanical engineering, 
automotive industry 

(dimension)
 -  -  -  -

Industry / technology / 
quantity

Normality Independence Constant mean Constant variance

Mechanical tests (strength, 
flexibility,…) x  -  - x

x

Chemistry, metallurgy, 
(other physical parameters)  - x x x

Chemistry, metallurgy, 
(concentration, contents)  - x x

 -

Environment (different 
concentrations) x x x x

Elictrical quantities

Energy

Plastics, polymers, 
textiles, physico-

mechanical quantities
x  - x

 -

Ekonomic and financial 
indicators x x x  -

Sociology, human resources

Biochemistry, pharmacy, 
food industry x x  -

 

2. ROBUST AND NONPARAMETRIC METHODS 

Why should robust and non-parametric methods be developed at all? Typical statistical procedures are largely 
parametric, that is, the use of the model is dependent on many parameters, in large part they are the probability 
distribution parameters. 

The opposite of the parametric methods are non-parametric methods. These are independent or little 
depending on the probability distribution shape. These methods have good properties for a whole range of 
distributions, but for this versatility we have to pay the tax, and this is a loss of yield (they are more sensitive 
to changing parameters). 

Compared to nonparametric methods, robust methods have the advantage of preserving good properties 
around a certain baseline probability distribution. And unlike nonparametric methods, they are more profound. 

2.1. Robust methods 

There are currently many definitions of robustness. Generally, robust means insensitive to small deviations 
from idealized assumptions for which the estimation is optimized. In most cases, we consider robustness in 
relation to deviations from the predicted distribution. However, there are other types of robustness, such as 
deviations from the observation independence assumption. 

In order to compare the robustness of different methods with each other, it is necessary to quantify it in some 
way, i.e. to characterize it by a certain number. However, replacing a complex term with a single number is 
one-sided and simplifying. There are a number of quantifications, one of which is the breakdown point. [3, 7]. 
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BREAKDOWN POINT 

It is absolutely clear that the data will not always meet the assumption of normality, so that no one should ever 
use parametric methods or use them so long as the probability distribution is not too nonnormal. But what is 
too nonnormal if we cannot quantify this anomaly because there are plenty of options to be nonnormal. It is 
much better to quantify the properties of the estimator and their associated procedures. The basic tool used 
to describe robustness is the breakdown point. The greater the breakdown point is the more robust the method. 
The breakdown point cannot be larger than 50%. The average has a breakdown point equal 0, on the other 
hand the median breakdown point is 0.5. [3, 7] 

ROBUST CONTROL CHART MAD 

An example of robust methods has been selected control chart MAD. The control chart is based on the mean 
absolute deviation from the median (MAD - median absolute deviation). This characteristic is more robust than 
the determinant standard deviation. MAD for random selection of n is defined [3, 4]: 

niMDjXmedian
n

MADj
n

i
i ,...,2,1;*1

1
 



  (1) 

where MD is selective median 

MADBMADbBcMADbMADbcccLCL nnn
*
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2
44

2
44 131ˆ3ˆ     (2) 

MADcMADbccCL n
*
444 ˆ     (3) 

MADBMADbBcMADbMADbcccUCL nnn
*
66

2
44

2
44 131ˆ3ˆ     (4) 

m

MAD
MAD

m

j
j

 1   (5) 

Value *
4c , *

5B , *
6B  can be found in the table. [3, 4] 

2.2. Nonparametric methods 

In non-compliance with some assumptions, it is possible to apply nonparametric methods. Nonparametric 
methods are based on a smaller number of observations. Compared to the model based methods most often 
it is only assumed that the probability distribution of the given data set is of the continuous type.   

Nonparametric methods have, compared to parametric methods, a number of advantages: 

 conclusions obtained are independent of the distribution shape, 
 they can be used even when the type of distribution is unknown, 
 they have a greater robustness to the occurrence of outliers. 

Disadvantages of non-parametric methods include the increased probability of missing signal, which means 
that it often leads to incorrect non-rejection of untrue null hypothesis. This probability can be reduced by 
increasing the sample size. [4, 8, 9]  
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NONPARAMETRIC CONTROL CHARTS 

The following Table 2 is a summary of some non-parametric control charts, including formulas for calculating 
control limits and other necessary characteristics. [4] 

Table 2 Calculations for nonparametric control charts [4] 
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3. EFFICIENCY ASSESSMENT 

By valuating the efficiency, it is meant the ability of the control chart detect the change process parameters. In 
order to assess the efficiency of the classic Shewhart control charts, we can use the ARL (average run length), 
which is the average number of selections leading to the signal [6]. Another option is to calculate the probability 
of exceeding the p limits by the formula: 

)(
)(

BP
APp 

            (6) 

where P(A) is the number of points outside the limits and P(B) is the total number of points. 

4. EXAMPLE - STEELMAKING PROCESS  

The following example illustrates the application of nonparametric and robust control charts Chart on the data 
obtained from the steelmaking process. The measured values are recorded in the Table 3, in the columns x1 
to x5.  
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Table 3 Data from steelmaking process 

Subgroup x1 x2 x3 x4 x5 Subgroup x1 x2 x3 x4 x5 

1 33.63 32.75 32.37 33.28 32.76 11 32.48 33.54 31.84 32.18 32.23 

2 33.62 32.00 31.33 34.04 32.34 12 32.94 32.74 32.69 32.29 32.64 

3 32.93 33.49 32.75 32.75 32.97 13 32.87 32.87 33.28 33.65 32.78 

4 33.49 33.47 32.87 32.52 33.15 14 32.07 33.36 32.77 33.24 34.04 

5 32.37 32.78 34.13 32.94 33.12 15 33.56 32.40 32.86 31.68 33.02 

6 33.44 31.24 32.50 33.50 33.53 16 32.25 31.24 30.75 31.94 32.64 

7 33.79 33.54 33.33 33.73 32.07 17 32.89 33.19 33.54 34.23 32.25 

8 31.37 33.01 33.24 32.81 33.24 18 32.58 33.13 33.24 31.97 32.66 

9 32.03 31.77 31.92 32.30 32.68 19 32.74 31.97 32.53 33.70 32.93 

10 33.26 33.05 32.53 33.27 32.33 20 33.68 32.69 32.25 32.56 33.55 

Probability of exceeding the limits was determined from the final control charts. These values are shown in 
Table 4 below. 

Table 4 The probability of exceeding the limits 

Control Charts The probability of exceeding the limits 

Shewhart Sign Control Chart 0.55 

Nonparametric EWMA 0.9 

Nonparametric CUSUM 0 

Nonparametric Progressive Mean 0 

Nonparametric Control Chart based on Mood statistics 0.95 

Robust Control Chart MAD 0 

The results show that the Robust Control Chart MAD, Nonparametric Control Chart Progressive Mean and 
Nonparameric Control Chart CUSUM have the lowest risk of false signal and are the most effective. On the 
contrary, the worst is the Nonparametric Control Chart based on Mood statistics and Nonparametric EWMA 
that is the least effective because it has the highest risk of a false signal. 

5. CONSLUSION 

The aim of the work is more detailed analysis of nonparametric control charts applied on different dates in 
violating of the basic assumptions and determination of the procedures for their use in practice. As can be 
seen in Table 1, in metallurgy is often a breach of the assumptions of independence and non-constant of mean 
and variance. The results will contribute to the development of statistical process control and process capability 
analysis. The proposed methodology could help in the decision-making processes in practice of metallurgical 
enterprises. 
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Abstract  

The aim of this paper is to describe adaptive control of the heating furnace with the utilization of PID type 
regulator. Advantages of the proposed adaptive regulator are changeable parameters of the system and/or 
changeable desired quantity of regulation circuit. Proposed adaptive regulator is derived from the commonly 
known structure of the fuzzy PID regulator which consists of PI regulator and PD regulator. Setting up of the 
regulator parameters of this structure takes place by the utilization of evolutional methods. Objective function 
for this optimization is the criterion of regulation quality (quadratic regulation area).  

Keywords: Regulator, adaptive regulator, adaptive control, heating furnace, proportional system 

1. CHAPTER TITLES INTRODUCTION  

Regulation of the technological processes is correct only if the regulator (controlling system) is adapted to the 
properties of the regulated system by setting of the suitable parameters. However, properties of the system 
(technological process) can vary during the time in the real systems. [1] Therefore, it is necessary to adjust 
settings of the regulator parameters correspondingly. [2] 

2. ADAPTIVE CONTROL 

The basic function of the adaptive regulating circuit is explained in the example of temperature regulation in a 
gas-fired furnace with direct intake of combustion air - see Figure 1. 

  
Figure 1 Heating furnace 

During the operation of the furnace various influences arise, which cause changes in the controlled quantity - 
the temperature in the furnace (see Figure 2). They are, for example: 

 change of gas pressure (causes a change in flow and hence a change in furnace temperature); 
 weight change; 
 change in the heat content of the batch (another heat input will be needed if the batch is cold, the other 

at the end of the heating); 
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 opening the furnace thrower gate and more. 

We can not always predict and compensate for these values. These variables are called fault variables v and 
is therefore another fundamental function of feedback control of compensation of disturbances acting on a 
controlled variable. 

 
Figure 2 Regulation of temperature in furnaces of gas-fired self-priming  

1 - Setpoint source 2 - Comparative member 3 - Main controller  4 - Comparator circuit 5 - Auxiliary gas 
volume regulator 6 - Servo drive 7 -Thermocouple 8 - Measuring aperture of the amount of gas 9 - 

Differential pressure gauge. 

The aim of the thesis is to verify the possibility of using principles and methods of artificial intelligence for 
adaptive regulation. [3] We verify the possibility of adjusting adaptive controller parameters with the fuzzy PID 
controller structure using evolutionary algorithms. 

Testing is based on the assumption that we have known the system at different time points, which varies 
according to system changes. 

For testing adaptive control, we chose a fuzzy PID controller. [6] This block diagram can we have seen in 
Figure 3. The controller consists of PI and PD block, where parameter setting is perfomed using evolutionary 
methods. 

 

Figure 3 Structure of fuzzy PID controller 

When setting the parameters, it is better to first set the PD component optimally [4], and then the PI component 
and debug them together. During the testing occurs to specific properties are set and find fuzzy controller 
parameters for correct control. [7] The design of an adaptive fuzzy PID controller, in our case, results from 
adaptive systems based on a heuristic approach. 
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3. SETTING ALGORITHM FOR ADAPTIVE PID CONTROLLER 

On Figure 4 shows the proposed adaptive PID controller adjustment algorithm. The first, controllerś 
parameters are set to zero, then is selected time t, required value w, constant k and time constant T. 

The goal we want to achieve is to bring the regulatory deviation closer to zero. Based on the parameters of 
the PD controller and the PI controller, we change their action quantities. The total action variable of the 
adaptive controller is the output function. [5] 

 

Figure 4 Setting algorithm 

4. TESTING OF PROPORTIONAL SYSTEM 

For example was testing a proportional system first order (1): 

퐺(푝) =  
( )

            (1) 

End of 
regulation 

END 

YES 

NO 
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In order to calculate the output, it is necessary to create a picture of the transmission system first, so we must 
multiplication system with (2): 

퐻(푝) =  
.( )

           (2) 

From this, we can then create a transition function using Laplace's transformation (3): 

ℎ(푡) = 푘 ∙ 1 − 푒            (3) 

Where t is replaced by the action variable u. 

Testing of the proposed adaptive PID regulator with evolutional setting of parameters was realized at 
proportional system of 1st order. Stabilization of the specified proportional system was selected for the first 
testing experiment. Figure 5 shows time dependent evolution of the quantities of the regulation circuit during 
this experiment.  

   
Figure 5 Time dependence of the quantities of regulation circuit during the first experiment  

Second experiment was represented by stabilization of the specified proportional system but with the change 
of the time constant of the proportional system from value 0.5 to the value 5 during the system stabilization. 
Figure 6 depicts time dependence of the quantities of regulation circuit during this experiment.  

   
Figure 6 Time dependence of the quantities of regulation circuit during the second experiment 

Stabilization of the specified proportional system was subject of the third experiment, as well. Change of the 
desired quantity from the value 1.1 to the value 1.4 was realized during the system stabilization. Figure 7 
shows time dependence of the quantities of regulation circuit during this experiment.  
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Figure 7 Time dependence of the quantities of regulation circuit during the third experiment. 

5. CONCLUSION 

Regulation is successful only if the regulator is adapted to the properties of regulated system by suitable setting 
of its parameters. However, properties of the system can vary during the operation in the real systems. It is 
necessary to change the settings of the regulator parameters as well, which is difficult. Adaptive regulation 
algorithm represents suitable solution. It evaluates automatically course of the regulation process and it adjusts 
values of the regulation parameters according to the obtained data. 

Whole range of the adaptive regulators was proposed. Proposed and tested adaptive PID regulator with the 
structure of composite fuzzy PID regulator with evolutional setting of the regulator parameters represents one 
member of the group of adaptive regulators. It is evident from the obtained results of the experiments with 
proportional system of the 1st order that proposed conception of creation of the adaptive regulator is correct. 
However, it is necessary to test this proposed adaptive regulator at other and more complex systems.  
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Abstract 

The goal of this article is to describe and analyze specific methods and tools of lean manufacturing and their 
applicability in metallurgical industry. These methods are described: Kaizen, Value Stream Management, Lean 
Workplace, Lean Layout, Standardization, Management of Bottlenecks, TPM, 5S and Visualization, Poka 
Yoke, Kanban etc. For every method is discuss suitability of its application in specific process in metallurgical 
industry. Lean manufacturing (and its methods and tools) was originally established in the automotive industry, 
i.e. in mechanical engineering. It is understood that the usefulness of some methods and tools has increased 
in processes or parts of processes, including those involving the human factor (e.g. Poka Yoke, 5S, 
Visualization etc.). On the other hand, some methods are valid regardless of the level of involvement of human 
factor and type of industry (e.g. Value Stream Management, Lean Layout, Management of Bottlenecks etc.), 
however, it is necessary to adapt them the sectoral specifics. Typical examples of wasting in metalworking 
processes are described including appropriate methods of lean manufacturing.  

Keywords: Lean manufacturing, Kaizen, lean layout, TPM, metalworking processes 

1. INTRODUCTION 

The current competitive environment forces companies (in any industry) to be competitive in especially in two 
areas (1) products and services must be offered to customers in the highest quality and simultaneously (2) at 
the lowest possible price. Pressure is generated to companies in the form of cost reduction, fast delivery of 
products and services and providing of the highest quality of production. The concept of Henry Ford from the 
beginning of the last century, based on the mass production of the uniform product, is inadequate nowadays, 
as overcapacity over supply has long been outdated. The high competitiveness of Japanese companies after 
the Second World War was triggered by a new concept that improves Ford's manufacturing system and builds 
on the importance of employee as a core business article. Today, the author of this approach (Toyota) is the 
most well-known high-efficiency operating system, and its lean methods based on waste elimination find use 
in various areas. It is no coincidence that all revolutionary changes in production have arisen in automotive. 
Pressure triggered by market needs (in the Ford's case by a high demand, and Toyota's case by pressure on 
costs and quality) very often begins in the automotive industry.  

The concept of lean manufacturing is typically for engineering, especially in the above-mentioned automotive 
industry as a leader in this field. However, the concept of lean manufacturing is now transformed into other 
sectors as lean administration or lean software. The metallurgical industry, characterized by high investment 
costs, a long return on investment, low flexibility in changing the structure of production has often neglected 
this approach, because the implementation of lean manufacturing under these conditions is more difficult. 
However, the implementation of the idea of lean production and partial methods is possible, for example, in 
the case of blast furnaces or heavy metallurgy, as mentioned below. The goal of this article is to describe and 
analyze specific methods and tools of lean manufacturing and their applicability in metallurgical industry. 
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2. PHILOSOPHY OF LEAN MANUFACTURING 

The essence of lean production and lean thinking is creating greater value while using a smaller amount of 
human effort, time, place or equipment. We can therefore say that lean is generally a philosophy of 
improvement, by eliminating waste [1], where the improvement is in the form of small and continuous 
improvement, so-called kaizens. Elimination of waste (muda) is the essence of lean manufacturing, but cannot 
be ignored crucial human factor as many companies do [2]. 

2.1. TPS and Kaizen 

Although Toyota Production System (TPS) is often perceived as a set of methods, it is more about philosophy 
and thinking. TPS is depicted as a house that stands on two key pillars: just-in-time and jidoka. Just-in-time 
can be characterized as a system of supplying components that are needed to the place where they are 
needed and at the moment they are requested, thereby maximizing the reduction of insurance stocks. Jidoka 
consists of controls to ensure that the defective piece is not allowed to the next workplace, thereby eliminating 
waste. In particular, the metallurgical industry is characterized by a high level of waste due to technological 
aspects of production (e.g. cooling process causes the inner and surface pressure). In TPS, all employees are 
at the same time controllers on which they are relied on and given full confidence [3]. The foundations of the 
house are philosophy, visual management, stability and standardization of processes and heijunka (as a 
principle of balanced production). Liker [4] divides elements of the house into four groups (4P): People & 
Partners, Philosophy, Process, and Problem solving. 

Kaizen philosophy is broader than just the elimination of waste (muda). Kaizen can be seen as progressive 
philosophy of continuous improvement. Masaaki Imai (father of this philosophy) defined Kaizen as „ongoing 
improvement involving everyone-top management, managers and workers“ [5]. The philosophy of smaller 
incremental changes often stands in opposition to the strategy of innovation and reengineering, which promote 
mainly western companies. The essence of metallurgy (the manufacturing process is mainly based on heavy 
machinery) leads to dramatic changes being often impossible, so the Kaizen philosophy should have a place 
in the management of these companies. 

Benefits of Lean Manufacturing (TPS) and Kaizen are indisputable. For example, Melton [6] states in his 
research that the implemented Lean or Kaizen philosophy reduces the time between accepting the order and 
accepting the finished product or service on average by 25 % or eliminating inventories by 30 %. Womack 
a Jones [7] talk about a fourfold increase in productivity. 

2.2. Methods of Lean Manufacturing 

Value Stream Management could be described as a manager's focus on value while disposing of waste. It is 
the „process of lean implementation to link the metrics and reporting required by managers with the people 
and tools needed to achieve the expected results“ [7]. In connection with this term is necessary to mention 
Value Stream Mapping; see more [8]. 

Lean Layout could realize Lean Workplace (it means workplaces with limited wasting. Lean Layout is based 
on principles: (1) detailed analysis of a set of validated tools is required; (2) the workplace is organized by 
those working in it; and (3) the production system of the company and individual workplaces are designed and 
improved in a comprehensive way (with using other methods - SMED, Visualization, Kanban etc.). 

Standardization. Standards do not only concern processes, activities, methods, procedures, measurements or 
work, as well as corporate rules, policies, behaviors, and conventions at all on which corporate culture builds. 
Perfect standardization incorporates improvements to the sorting, straightening and cleaning system, including 
preventive measures. The importance of standards is in reducing deviations, increased security, simplifying 
communication processes, visualize and respond to difficulties and problems, aid for education, strengthening 
working ethics, clear definition of workflows [9]. 
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Management of Bottlenecks. Bottlenecks can exist in all types of manufacturing processes, including the job 
process, batch process, line process, and continuous process. An effective approach is: (1) Identifying 
Bottlenecks (variability in the workloads will again likely create floating bottlenecks, especially if most 
processes involve multiple operations, and often their capacities are not identical. (2) Relieving Bottlenecks 
and (3) Product Mix Decisions. 

Total Productive Maintenance (TPM) is a system of maintaining and improving the integrity of production and 
quality systems through the machines, equipment, processes, and employees. The pillars of TPM are mostly 
focused on proactive and preventive techniques for improving equipment reliability: (1) Focused improvement; 
(2) Autonomous maintenance; (3) Planned maintenance; (4) Quality maintenance; (5) Cost deployment; (6) 
Early equipment management; (7) Training and education; and (8) Safety health environment [10]. 

5S is a method that uses a list of five Japanese words: sort (seiri), set in order (seiton), shine (seiso), 
standardize (seiketsu), and sustain (shitsuke). It describes how to organize a workspace for efficiency and 
effectiveness by identifying and storing the items used, maintaining the area and items, and sustaining the 
new order. It is connective with Visualization, see more e.g. [11]. 

Poka-yoke is a Japanese term that means “inadvertent error prevention”. A poka-yoke is any mechanism that 
helps an equipment operator avoid (yokeru) mistakes (poka). Poka-yoke is able eliminate product defects by 
preventing; correcting; or drawing attention to human errors as they occur, more see [12]. 

Kanban is a method for managing work, which balances demands for work with the available capacity for new 
work. Work items are visualized to give participants a view of progress and process, from task definition to 
customer delivery; more see e.g. [13]. 

2.3. The types of wasting and methods for its elimination 

Taiichi Ohno originally involved seven types of wasting [14], now eighth type is included to the classification 
[1], or other types are being discussed in [15].  

The main approaches for elimination every types of wasting are: 

1) Unnecessary transport as moving products that are not actually required to perform the processing. The 
useful method is Lean Layout, Lean Workplace and Kanban, with connection with 5S, Visualisation and 
Management of Bottleneck.  

2) High inventory of components, work in process, and finished product. The appropriate methods are 
Value Stream Management, Just-in-Time, Kanban and Management of Bottleneck.  

3) Motion equipment or walking people more than is required to perform the processing. An important 
means of eliminating this type of waste is the method 5S respected Lean Layout and Lean Workplace. 

4) Waiting for the next production step, interruptions of production during shift change. It is advisable to 
use the pull system and prevent failures and defects by using the Total Productive Maintenance. 
Management of Bottlenecks and Kanban are appropriate too. 

5) Overproduction. The effective methods to prevent these problems are in the case of casting using of 
SMED method; during planning using the pull system as part; and to prevent failures TPM.  

6) Over processing as a result from poor tool or product design creating activity. There is necessary use 
Value Stream Management. 

7) Defects. The protection is Total Productive Maintenance and Poka-yoke. 

8) Manufacturing goods or services that do not meet customer demand or specifications. There is 
necessary use Value Stream Management and Value Stream Mapping for calculation value added and 
non-value added activities. 
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3. SECONDARY RESEARCH IN METALLURGICAL AREA AND ITS CONCLUSION 

The Ohno´s seven waste are modern methods how to define basic waste’s principles. Aspects of modification 
for metallurgical processes are very general. Searching for balance between innovations and financing in the 
metallurgical processes are going across the elimination of the Ohno seven waste [16]. Four areas in 
metallurgy industry are identified (Technological and technical basis of metallurgical processes; Material and 
energy demandingness; Large production batches and volume processed in a single cycle; High 
demandingness for organization and operational planning and control) and authors connect type of wasting 
with these areas.  

Metallurgical processes are unfriendly to the environment around. Whole process is beginning by mining when 
is necessary to receive the raw material. These processes are very unfriendly to environmental exactly by the 
opencast mining. In metallurgy, we are able these not pleasure processes partly eliminated. Focusing on the 
types of waste and trying them to eliminate is proof the environmental around us [17].  

The simplification of these methods (which small and medium companies use) is successful approach for 
elimination of waste. Simplified methods help to these enterprises for faster and successful implementation of 
lean methods and faster financial return [18]. 

4. TYPICAL EXAMPLES OF WASTING IN METALWORKING PROCESSES 

This part follows and develops four areas defined in [16], more in chapter 3. The typical areas of wasting (No 
1 - 8 above) are in these metalworking processes: 

Casting:  
 (1), (3) Long distances between the workplaces (storage - furnace - casting machine - intermediate 

storage);  
 (2), (5), (7) Consumption of surplus material in silo for pressure casting machines;  
 (3) Long distances between machines operated by one person;  
 (4) Time for replacing the ingot during production change;  
 (6) The wear of the ingot leads to more waste;  
 (7) Technological burdens in production and inner and surface pressures during cooling;  
 (8) Disposable materials (protective elements). 

Forging:  
 (1), (3) Long distances between the workplaces (storage - furnace) including additives;  
 (2), (5) The molten material cannot be returned to the warehouse;  
 (4) There is no material in stock; poorly planned continuity of casting;  
 (5) Prevention from defects;  
 (6) Poor estimate when filling the furnace;  
 (7) Another alloy is produced by the wrong substance ratio. 

Rolling:  
 (1), (3) Long distances between the workplaces (storage - furnace - rolling machine - intermediate 

storage); 
 (2), (5) Large stock of pre-prepared material;  
 (4) Rolling machine is bottleneck;  
 (6), (7) Wear of the cylinders, there is a greater load on machining;  
 (7) Inner and surface pressures;  
 (8) Disposable materials (protective elements) during cooling. 
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Laser Cladding:  
 (1), (3) Long distances between the workplaces (storage - laser - intermediate storage) for product or 

material;  
 (4) Software switching; 
 (6), (7) Wear of the cylinders, there is a greater load on machining;  
 (7) Surface pressures, consistency of the applied layer;  
 (8) Internal control protocols. 

Extrusion:  
 (1), (3) Long distances between the workplaces (storage - extruder - intermediate storage); 
 (5) Prevention from defects;  
 (6) Machine tool wear, additional machining required;  
 (7) Machine tool wear, if machining is larger, cannot be reversed;  
 (8) Demanding administration. 

Sintering:  
 (1), (3) Long distances between the workplaces (storage - furnace - crushing machine - intermediate 

storage);  
 (4) Crushing machine is a bottleneck;  
 (5) Prevention from defects;  
 (7) Inner and surface pressures during cooling;  
 (8) Higher consumption of binding substance. 

Machining:  
 (1), (3) Long distances between the workplaces (storage - machine shop - intermediate storage);  
 (3) Long distances between CNC machines;  
 (5) (Sometimes) prevention from defects;  
 (7) Cutting machine/tool wear, bad material/product placement;  
 (8) Demanding administration. 

Fabrication:  
 (1), (3) Long distances between the workplaces (storage - machines - intermediate storage);  
 (2), (4) It depends on technology;  
 (3) Long distances between machines; 
 (5) (Sometimes) prevention from defects;  
 (7) Machine/tool wear; and (8) demanding administration. 

Forming:  
 (1), (3) Long distances between the workplaces (storage - furnace - forming machines - intermediate 

storage);  
 (2), (4) It depends on technology;  
 (3) No chance for new layout after installation equipment and machines  
 (5) Prevention from defects; inner and surface pressures during cooling;  
 (7) Machine/tool wear. 

To eliminate waste, use the tools described in chapter 2. Of course, it is necessary to adapt the methods to 
the technological process. 
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5. CONCLUSION 

The philosophy of lean manufacturing and lean methods today belongs to standard operational management 
tools. Although the cradle of these methods is automotive, these methods find their place also in metallurgy. 
Metallurgy is characterized by long production cycles; high investment costs; a long payback period; and a 
relatively high production defects. Radical changes are almost impossible due to this. The principle of 
continuous improvement (philosophy lean and kaizen) is a solution. Appropriate approaches to metallurgy 
include mainly: (1) before construction a new plant Value Stream Management and simulation of production 
process with a goal to find Bottlenecks of this process; (2) Standardization, Poka-Yoke, 5S, Visualization and 
Kanban for developing Lean Layout and Lean Workplace; (3) Poka-Yoke, Standardization and Total 
Productive Maintenance for reduction of defects. 
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Abstract   

The paper presents the results of research carried out in one of the domestic enterprises of the metallurgical 
industry. It is an enterprise mainly engaged in the production of steel pipes with seams welded induction.  The 
production of welded pipes generates lower costs compared to the production of seamless pipes, therefore, 
the world's thinner welded pipe mill with thinner walls is still being developed, which can not be produced using 
the methods used to manufacture seamless pipes. Production is also less material consuming for seamless 
pipes (saving steel). In most of the major manufacturers of pipes is observed systematic seek to increase the 
production of welded pipes and reduce the production of seamless pipes for such assortments as drill pipe, 
boiler pipes and pipes thick-walled construction. The aim of the research is to detect incompatibilities in the 
production of welded pipes, which significantly affect the quality of the final product and finding sources of 
these incompatibilities. In the course of these studies, quality management tools as the Pareto-Lorenz and 
Ishikawa diagrams and the FMEA method are used. These tools make it possible to detect significant 
incompatibilities and errors arising from the planning stage and during the manufacturing process of welded 
pipes in the analyzed company. While using the Ishikawa diagram and FMEA method sought to eliminate the 
possibility of any faults and incompatibilities. The results obtained will allow to improve and streamline the 
production process of welded pipes. 

Keywords: Production of welded pipes, Pareto-Lorenz diagram, Ishikawa diagram, FMEA method 

1. INTRODUCTION 

Product quality is a random variable in a system of probability. Ability to properly estimate of this distribution 
ensures the reliability of the results. The adoption of an appropriate distribution of the quality is related to the 
used definition of quality measures. The concept of quality measures is not clear, which means that you can 
specify several alternative measures of quality [1]. In each cycle of the production process there are various 
types of incompatibility or quality deficiencies. In the case of metallurgical processes rather an important 
element that you have to consider the conditions of the technological process implemented. Their change can 
result in a number of incompatibilities [2-5]. 

Nowadays, customers are becoming more demanding and are more confident in what they expect from a 
potential producer. The progressive development of technology, the production of ever more surprising things 
lead to increased product quality. In order to increase its quality, there should be created measurable methods 
and tools for the detection of deficiencies and incompatibilities. The application of these methods will allow for 
the incompatibilities detection, and later allow to analyze and make adjustments to the production process 
which is carried out. These tools and methods may include MEA method and Pareto-Lorenz and Ishikawa 
diagrams. FMEA method is a method of analysis of the effects and types of possible errors. The premise of 
this method is to detect weak points and determine the risk degree for them. This method aims to identify and 
evaluate the kind of potential damage and its causes related to the design and manufacture of the product. 
This method is also designed to the process document, and to determine the procedure, which would help to 
eliminate the occurrence of damage. Using this method allows to identify the factors that influence the damage 
of the product and the consequent elimination of defects. Analysis of Pareto-Lorenz used to prioritize corrective 
action and preventive, it is a technique that allows carrying out activities aimed at improving the level of quality. 
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On the other hand the key to success in solving quality problems is proper diagnosis. Helpful here is Ishikawa 
diagram. It allows you to graphically see the interconnectedness causing problems with a specific concept to 
solve this problem. This is an effective way of writing out factors affecting the quality, for example and it is used 
to study the complex organizational problems [1, 6, 7]. 

Production of steel pipes with seam welded induction generates lower costs compared to seamless tubes. 
Thus, significant saving in steel compared with seamless pipes. In most of the major manufacturers of pipes 
is observed systematic seek to increase the production of welded pipes and reduce the production of seamless 
tubes for such assortments as drill pipe, boiler and thick-walled construction [8-10]. 

2. RESULTS AND ANALYSIS 

The paper presents the results of research carried out in one of the domestic enterprises of the metallurgical 
industry. It is an enterprise mainly engaged in the production of steel pipes with seams welded induction. The 
aim of the research was carried out to detect incompatibilities in the production of welded pipes, which 
significantly affect the quality of the final product and to identify the reasons for these incompatibilities. During 
the implementation of these studies used quality management tool as: Pareto-Lorenz and Ishikawa diagrams 
and the FMEA method. Table 1 shows the numerical list of incompatibilities in the production process of the 
steel pipe with a seam welded induction observed in the period considered. 

Table 1 List of incompatibilities 

Incompatibilities 

 

The number of defects per 1000 
tested profiles 

The percentage of qualities 
[%] 

Cumulative percent of the 
qualities [%] 

N6 21 20.8 20.8 

N2 20 19.8 40.6 

N7 17 16.8 57.4 

N3 15 14.9 72.3 

N1 13 12.9 85.2 

N5 9 8.9 94.1 

N4 6 5.9 100 

The names of incompatibilities presented in Table 1: 

 N1 - crack sealing (13 defects per 1000 tested profiles), 
 N2 - a rant on the profile (20 defects per 1000 tested profiles), 
 N3 - incorrect radii (15 defects per 1000 tested profiles), 
 N4 - incorrect diameter (6 failures in 1000 examined the profiles), 
 N5 - incorrect length (9 defects per 1000 tested profiles), 
 N6 - a rant has not removed (21 defects per 1000 tested profiles) 
 N7 - incorrect cutting of weld (17 faults per 1000 tested profiles). 

Figure 1 shows the diagram Pareto - Lorenz for incompatibilities presented in Table 1. 

By analyzing the data obtained from the graph (Figure 1) and Table 1, it can be stated that there is no single 
dominant incompatibility. These values are close to each other, because 1000 examined objects can contain 
incompatibilities in the range of 0.6 to 2.1%. However, the elimination of the three most frequent 
incompatibilities (flash has not removed, a rant on the profile and abnormal shear of weld) will eliminate the 
production of approx. 60% incompatibilities and these are the incompatibilities directly related to emerging 
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weld. Therefore, another tool in the work was Ishikawa diagram, which was prepared for the problem of 
defective weld (Figure 2). This graph allows see graphically the interconnectedness of causes and effects. 

 
Figure 1 Diagram Pareto - Lorenz for incompatibilities occurring during the production of welded pipes 

 

Figure 2 Ishikawa diagram for the problem of defective weld 
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On the basis of Ishikawa diagram and the research can be divided into three basic groups of elements that 
have the greatest impact on the poor weld quality in the production of pipes. These elements are: production 
method (approx. 30%), the machine (approx. 30%), man - human factor (approx. 20%).The above-mentioned 
groups play a key role in the manufacturing process. They need the most attention, frequent checks 
interoperable and training for employees, because the lack of these activities is the source of most of the 
resulting errors. Especially incorrect operation of the machine by employees also contributes to faster wear of 
the machine and a greater frequency of its failure. The group of elements which have the least impact on the 
formation of a weld defective are material (approx. 10%) and management (approx. 10%), because in these 
areas should be carried out a detailed inspection and complement to keep the deficiencies in the 
documentation. With this tool, quality management revealed the source of the causes of a weld faulty. Thus 
formed then collection of information on potential causes of incompatibilities has been used in further analysis 
using the FMEA method. Table 2 presents the level of risk of incompatibilities for a weld faulty. It was located 
as many as 16 errors that can occur in the analyzed manufacturing process. Mistakes in the FMEA method 
cause a number of incompatibilities in the products. Removing the cause of some incompatibilities sometimes 
requires stopping the machine park. In most cases the cause of the errors responsible man. Both employees 
and managers make mistakes, which most often result from a lack of knowledge (lack or insufficient number 
of training), neglect and self-control. Another important reason there are problems with the technical equipment 
(no input: working time machine, maintenance and repair). For individual errors were calculated risk priority 
number according to the formula (1). 

RPN=O∙S∙D            (1) 

Where: RPN is risks priority number, O is occurrence, S is severity and D is detection. 

On the basis of the figures in Table 2 and graphically shown in Figure 3 it can be concluded that the four 
problems exceeded the value of 100 for the RPN. These are the wrong set exciter (RPN = 252), a rant on strip 
(RPN = 135), misconduct rollers (RPN = 216) and non-uniform cooling of weld (RPN = 216).The results should 
be interpreted in such a way that these types of errors play a key role in the production process and they 
should be carried out as soon as possible remove them or minimize their occurrence and importance to a 
minimum. 

 
Figure 3 Graphical presentation of results based on the FMEA method  
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Table 2 FMEA method 

Sym
bo

l Type of 
incompatibilities Effects of error Causes of error 

Evaluation 

Corrective action O
 

S
 

D
 

R
PN
 

N
1 

Wrong set 
exciter 

- heated material 
- the formation of cracks 

- error of 
employee 
- lack of training 

7 9 4 252 
- more frequent 
inspections 
- conducting training 

N
2  

Incorrect setting 
of the cutting 
knife 

- too strong or too weak of 
weld beheading 
- the formation of uneven 
surfaces 

- error of 
employee 
- lack of training 

2 6 2 24 

- more frequent 
inspections 
- conducting training 

N
3 

Wrong choice 
of frequency 

- low temperature of weld 
resulting in low power of 
weld 

- lack of 
documentation 
- error of 
employee 

4 5 2 40 

- record keeping on the 
frequency of weld 

N
4 

lack of training - incompetent setting 
machines 

- lack of financial 
resources 
- negligent 
management 

4 5 2 40 

- raising funds for staff 
training 

N
5 

Incorrect 
selection of the 
charge to the 
diameter of the 
pipe 

- the formation of cracks - lack of 
documentation 
- error of 
employee 

3 8 3 72 

- keeping records 
- more frequent 
inspections 

N
6 

Lack 
corrections up 
procedures 

- lack dimensional 
tolerances 

- lack of financial 
resources 
- negligent 
management 

3 8 3 72 

- care management 
- information about the 
need for change 

N
7 

Lack of 
documentation 
concerning the 
operation of the 
machine 

- machine failure 
 

- neglect of 
management and 
employees 

2 1 2 4 - care workers 
- inspections duties 
- checks on the 
appliances 

N
8 

Low frequency 
welding 

- weak weld 
- cracks 

- lack of 
documentation 
- problem of 
maintaining 
parameters 

3 8 3 72 

- keeping records on the 
frequency of weld 
- control device 

N
9 

Frequent 
interruptions in 
the welding 
process 

- lack of continuity of weld - negligence of 
employees 

2 8 1 16 

- control management 
- break adjustment for 
employees 

N
1

0 Bad quality 
material 

- corrosion 
- frequent overheating 

- negligent 
management 

7 3 2 42 

- charge control 
- corrosion protection 

N
11 

Improper 
roughness of 
steel 

- bad weld quality - negligence of 
employees 
- lack inter-
operational control 

2 8 2 32 

- control of surface 
roughness 
- employee awareness 
about the problem 

N
12 

Rant on strip - of weld cracks 
- incompatible dimension 

- defective 
equipment 
- lack repairs 

5 9 3 135 

- control machinery and 
equipment 

N
13 

Lack 
inspections and 
maintenance 

- frequent stasis 
- interrupt the process 

- neglect 
conservator 
- negligent 
management 

2 2 2 8 - control machinery and 
equipment 
- inspections duties 

N
14 

Lack of current 
repairs 

- frequent stasis 
- interrupt the process 

- neglect 
conservator 
 

2 2 2 8 - control machinery and 
equipment 
- inspections duties 

N
15 

Misconduct rolls - rise a rant on the tube 
- incompatible dimension 

- lack of 
documentation 
- error of 
employee 

6 9 4 216 

- keeping records 
- more frequent 
inspections 

N
16 

Uneven cooling 
of weld 

- overheating of the of 
weld 
- uneven surface 

- machine failure 
- incorrect setting 
of the mechanical 

8 9 3 216 

- control cooling 
- control equipment and 
machinery 
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3. CONCLUSION 

Based on extensive investigations, it was found that using tools such as Pareto-Lorenz and Ishikawa diagrams 
and FMEA method can be found incompatibilities that arise in the process of production of welded pipes and 
their causes. Using the Pareto - Lorenza diagram identifies the main incompatibilities in the stage of welding 
the pipes, which were transferred to the final product. Diagnosed seven incompatibilities surveyed 1,000 
objects. The most common scrap which has occurred is not removed, a rant on the profile and abnormal shear 
seal are directly related to incompatibilities with the emerging weld. The elimination of the causes of the 
production process will be approx. 60% reduction of non-compliance. Using Ishikawa diagram searched for 
reasons that may affect the phenomenon of defective weld. Used with the principle of 5M. For individual groups 
determined how they can contribute to the resulting phenomenon. Based on this study, it was found that a key 
role for the resulting errors corresponds to a method for producing (approx. 30%), the machine (approx. 30%) 
and man (approx. 20%).The above-mentioned groups play a key role in the manufacturing process. They need 
the most attention, frequent inspections interoperational and training for employees, because the lack of these 
activities is the source of the most resulting errors. In contrast, using the FMEA method sought opportunities 
to eliminate any faults and incompatibilities realized the production process. It was located as many as 16 
errors that can occur in the analyzed manufacturing process. Mistakes in the FMEA method cause a number 
of incompatibilities in the products. Removing the cause of some incompatibilities sometimes requires stopping 
the machine park (generating additional costs for stopping the production line). In most instances the cause of 
these errors corresponds to man and machine. The results of completed studies will help to improve and 
streamline the production process of welded pipes production. 
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Abstract 

Mining industry is a very specific economic field. The products used in it should be of high quality and safety. 
These products should provide a safe and peaceful work for miners who, in the rough conditions, usually 
extract the raw materials needed by every economy in the world. Nowadays, the aim is to reduce the cost of 
underground mining, so sometimes there is a very dangerous phenomenon such as the attempt to save on a 
mining casing. This is a very critical and misleading approach to the issues of savings in mining. This industry 
is characterized by very severe working conditions and a high degree of life threatening, so we should not 
save on the safety of miners. It is important that the products and equipment used in the mining industry are 
always of high quality. This is a key element for ensuring security. Therefore, the correct production of these 
products and equipment is so important. That is why work has been done to improve the anchor production 
process from the S235JR steel. 

Keywords: Improvement of the production process, mining supplies from the S235JR steel 

1. INTRODUCTION 

Mining requires a highly developed transport and safety infrastructure in the mine, especially underground. 
The problem has always been and is the issue of adequate protection of the pit. For the protection of mining 
excavations serves a broadly understood mining casing is differently all technical means to ensure the stability 
and durability of the excavation. The housing is exposed to very high stresses due to the pressure of rocks 
and earth. There are many types of mining enclosure. The housing is exposed to very high stresses due to the 
pressure of rocks and earth. There are many types of mining enclosure [1]. Mining enclosure can be divided [2]: 

a) due to the type of construction: 
 support, 
 anchored (anchor). 

b) due to its usage time: 
 permanent, 
 temporary. 

c) due to the material used (steel, wood, etc.); 

d) due to shape: 
 straight, 
 circular, 
 arc. 

e) because of the security used: 
 anchored, 
 anchored-plate 
 anchored-reticular, 
 anchored-roof-bar, 
 anchored with injection of rocks. 
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The main task of the mining enclosure is to secure the workpiece in a way that protects people, machinery, 
equipment and devices from falling off rock fragments or from infarction for the operation of the mine. Additional 
housing tasks include: 

 protection of the exposed rock surface of the excavation from the negative effect of mine air, 
 to prevent the effects of gases from rocks, 
 reduction of air resistance flowing through the excavation, 
 closing or controlling the water inflow to excavations, 
 isolation of workings, people and equipment from fire fires. 

Matching a suitable mining enclosure requires extensive knowledge of mining, geology, mechanics, mining 
technology. Material used to manufacture the enclosure must meet certain technical quality requirements. 
Improving the production process must not affect the deterioration of product quality and safety, but only the 
minimization of production costs. In most cases, special anchors and support elements are used to secure the 
excavation work. Figure 1 shows the APB anchors together with the base washer, spherical washer, anti-
clock washer and nut. The anchor is designed for the protection of the roof and hollows of mining excavations, 
as a stand alone or reinforcing anchor casing and for the suspension of various mining equipment. 

 

Figure 1 APB type anchors 

2. THE TESTED PRODUCT DESCRIPTION 

The assortment of the company is used for the protection of mining excavations, as a stand alone anchor box 
and in civil engineering for strengthening bridges and tunnels. The conditions in which the company's products 
are used determine the characteristics of the company's products - durability, safety, high quality and durability. 
The products are exposed to high stresses and forces acting directly on the mining casing, so it is important 
that all components are manufactured in accordance with the technical documentation. 

One of the products is a specialist base washer 10 x 200 x 200 mm Ø40 mm / bent 50 mm - 45 ° (Figure 2). 
The washer is made from sheet 10 x 1000 x 2000 mm grade S235JR. This steel is classified as non-alloy steel 
construction. The grade of steel used is most often used on unreliable constructions in general and industrial 
construction. Elements that are made of this grade of steel can be combined by welding, riveting and screwing. 
Non-alloy steels after hot rolling are delivered in the form of flat and long products (sheets, strips, bars, 
sections). The basis for the classification of these steels is mechanical properties and the chemical composition 
is an additional acceptance criterion (Polish Standard PN-EN 10025, 2002) [3-7]. In order to reduce the 
production waste, the company scrupulously selects the sheet metal sheet to the manufactured product. It is 
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important that production costs be reduced at each stage of the product's life cycle [8]. Its use is found as a 
basic washer for fastening anchors in underground mining. Figure 2 is part of the technical documentation of 
the product prepared by the Technical Department of the analyzed company. This documentation is 
indispensable for the production of each product, so it must be made very meticulously and in detail.  

 
Figure 2 Square washer 10 x 200 x 200 mm Ø40 mm / bent 50 mm - 45 ° 

Washer production 10 x 200 x 200 mm Ø40 mm / 50 mm curved - 45 ° takes place in a planned and properly 
organized. In the first place, when the order is sent to the Department of Commerce is checked for correctness 
of previously agreed data. Then the order is run in Navision system where the material demand and production 
capacity are checked. After confirmation of the order in the system of Production Department proceed to 
implementation. The technological process of the washers 10 x 200 x 200 mm Ø40 mm / bends 50 mm - 45 ° 
runs in the following stages: 

 metal sheet cutting to 10 x 200 x 200 mm; 
 pressing the Ø40 mm hole on the press; 
 50 mm washer bent at 45 ° on a specialist bender; 
 final acceptance by Quality Control, 
 product designation; 
 preparation for shipping. 

All stages of production are subject to continuous quality control. In addition, each production batch is finally 
marked for possible identification. Weekly workers process 3500 kg of metal sheet for about 1000 pieces of 
product. Three employees are responsible for the production of these washers. For the production of this 
production devote 7 h and 40 min. This is the total time devoted to the above mentioned technological 
operation. 
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3. IMPROVEMENT OF THE SQUARE WASHER PRODUCTION PROCESS 10 X 200 X 200 MM Ø40 
MM / BENT 50 MM - 45 ° 

Today's high market competitiveness forces technology and manufacturing engineers to optimize and 
streamline production processes. Thanks to such actions it is possible to reduce production costs and thus 
lower the price of a given product [9, 10]. The washer production process 10 x 200 x 200 mm Ø40 mm / bent 
50 mm - 45 ° consists of three main technological operations: 

 metal sheet cutting to 10 x 200 x 200 mm of S235JR steel to the size of the washer; 
 pressing the Ø40 mm hole on the press; 
 50 mm washer bent at 45 ° on a specialist bender. 

The whole process also includes a number of support measures such as broad customer service, storage and 
delivery of materials, quality control, production planning, stockpiling and preparation for shipping. A number 
of correct functioning of these activities directly affects customer satisfaction. In order to perfect the washer 
production process of a 10 x 200 x 200 mm Ø 40 mm / bend 50 mm - 45 ° pad, the engineers decided to 
combine two following technological operations: 

 pressing the Ø40 mm hole on the press; 
 50 mm washer bent at 45 ° on a specialist bender. 

There is a technical possibility to combine the above two operations into one. These operations were previously 
performed on two separate machines. The production manager was forced to commit to this task by two 
employees, who generated additional costs, which made the whole production process longer. The first 
operation was carried out on the hydraulic press, while the second was on the specialist plate bender. 
Introducing the improvement of the production process caused the bender to switch off the production process. 
The washer bend operation was taken over by the press. This is a technical device that multiplies the pressure 
by applying the pressure constants in a closed hydraulic system. Allows a number of operations dependent 
solely on the die and punch type. They are usually used for metalworking due to the high pressure required.  

In order to improve the washer manufacturing process, special 
matrices and stamps were specially designed for this type of special 
operations. This is an innovative tool that requires additional technical 
requirements to ensure the correct operation of this operation, namely: 

 inserting an elongated stamp to stabilize the washer when it is 
bent; 

 the top bending edge of the top die should be 50 mm above the 
cutting edge of the punch to stabilize and prevent the bending 
of the bent material; 

 minimum pressure 200 tons due to bending process. 

Figure 3 shows an illustrated diagram of a constructed die and punch 
for a washer 10 x 200 x 200 mm Ø40 mm / bent 50 mm - 45 °. 

The matrix was made according to the technical requirements of the 
constructor. Creating every new matrix requires a great deal of 
experience from the designer. Each die must be carefully checked in 
advance for quality and technical drawings. The test series of the 
respective die is then carried out and the dimensions of the article are 
examined in detail. It is only after these processes that matrices are 
allowed to be used in production. The use of this solution has reduced 
the production process by one workstation and one bender operator. This has also increased the quality of the 
washer in terms of dimensional requirements of the customer. This is due to a better centering of the bend 

Figure 3 Diagram view of the die 
and punch for stamping and 

bending the washer 
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opening for bending the washer when performing these operations on one workstation and one set of machine 
and workpiece. It also shortened the execution time of the production process by 80 minutes, up to 6 hours 
and 20 minutes. 

4. CONCLUSION 

There are many ways to improve production. Depending on the situation, engineers, production managers 
need to select the right method for the process and the company. The conditions for implementing methods of 
improving production will always be different. It is often the case that by streamlining certain processes in an 
enterprise employees do not realize that they use one of the methods of improving production. In the analyzed 
company, the improvement of the production process was carried out in the form of a change in the 
organization of production technology. There were connected two stations where two different technology 
operations were performed. This resulted in the reduction of the number of technological operations for the 
main washer 10 x 200 x 200 mm Ø40 mm / 50 mm curved - 45 ° from three to two: 

 metal sheet cutting; 
 hole punching and washer bending. 

It managed to combine two operations into one, thus achieving the purpose of the whole operation - the 
production time of these operations was reduced from 7 h 40 min to 6 h and 20 min (shortening by about 17%). 
By shortening the time to add value to the process, the time of the entire production process has also been 
shortened, which in turn has resulted in lower production costs while maintaining a high level of production. 
This improvement has ensured that the company's products were produced faster, cheaper and more 
economical. This enables the company to reduce the price of the product offered while undermining its 
competitive position. Nowadays, in most cases, only the lower price counts, so it is important to constantly 
reduce production costs. 
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Abstract  

The open innovation paradigm suggests that companies should open up and cooperate with external partners. 
One of the manifestations of such action in the field of cooperation between science and business is co-
ownership of patents. It is the result of the intellectual potential of research units linked to real needs definable 
by the industry. The positive results of research and development works and "monopoly" obtained through 
patent rights, definitively constitute a major factor in the competitiveness of enterprises. Also in the steel 
industry. The presence of the cross-organizational cooperation becomes a necessity to generate knowledge 
of a certain quality. The aim of this study was to evaluate the presence of cooperation networks for the steel 
industry in Poland in the field of patent rights. The network links were selected on the basis of a database for 
patent applications from the years 1995-2014. In order to construct a graphical structure of relationship has 
been applied Social Network Analysis (SNA). The second goal of the study was to evaluate the usefulness of 
the proposed research procedure for the purpose of identification of network participants, particularly the key 
players. In addition, monitoring of cooperation networks can be a useful tool in assessing intellectual property 
management policy in projects financed from public funds. 

Keywords: Open innovation, intellectual property in metal industry, management of metal industry, patent   
        analysis 

1. INTRODUCTION 

Modern business models of enterprises, in particular steel producers are much more complicated than the 
models before the previous decades. Today's companies must provide products corresponding to the 
increasingly sophisticated needs of customers and provide support at the highest level in every piece of the 
supply chain [1], [2], value chain [3], acting also in the global environment. Therefore, modern business models 
place particular emphasis on the development and innovation in action [4], [5]. The challenge is the right shape 
broadly understood innovation [6] which provides access to new knowledge. Literature provides many valuable 
tips on how to conduct these activities effectively. It is worth noting the analysis of the structural model 
pathways of institutional cooperation in innovative activity [7] or the attempt to identify organizational forms of 
cooperation in the metalworking sector [8], [9]. In order to provide the enterprise access to new knowledge, it 
seems obvious that the pursuit of building a lasting partnership in universities and research institutes. However, 
this requires thoughtful design of this process because as claimed by some researchers [10] the possibility of 
cooperation between science and business is determined by the complementarity of resources and the 
presence of a consistent strategy of commercialization. 

At the beginning of the 21st century, the processes of commercialization, market connections, knowledge 
gathering, and collaboration between innovation-generating companies were crucial to achieving the best 
results in implementing new technological solutions. Open innovation has also begun to play an important role 
in the commercialization of processes. Open innovations are associated with the use of the work and research 
projects previously developed elsewhere, but abandoned as unused, too niche or difficult to develop [11]. 
Santarek [12] notes that, in addition to the existing division within the organization on the departments of 
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research and development, procurement, production, distribution and others appeared organisations providing 
highly specialized services for a specific kind of research, manufacturing, and service test equipment, software, 
computer modeling, etc. At the same time, there is a tendency to outsource research and development tasks 
in many companies. As a result, increasing not only the supply of widely understood services related to 
research and development but also the interest of companies acquiring technology from other organizations. 
R&D outsourcing is not a new phenomenon. The company always used, although to varying degrees, on 
external technology providers. The benefits of cooperation are growing in the era of open innovation. With the 
focus on the purely internal research and development activities, academic community has begun to 
emphasize that the companies should be open to external innovation [13]. Without cooperation, it is impossible 
to cope with the serious competition challenges. Even worse, Koschatzky [14] stated that non-cooperating 
companies that do not share knowledge in the long term reduce their knowledge base and lose the ability to 
engage with other companies and organizations. Therefore, cooperation with external actors is fundamental 
to increase innovation and reduce time-to-market. The work of Markman and co-workers [15] includes four 
categories that help understand commercialization: innovative organizations, experiences, proces of learning 
and dissemination of knowledge. According to these four categories, the determinants of the commercialization 
process are: the creators of technology and research, the specialization and unique competence of the 
organization, investments in venture capital and cooperation in the field of internationalization of technology. 
From a practical point of view, the first step towards commercialization should recognize the source of the 
development of new technologies, and not phases of the commercialization process. Then the process of 
commercialization will be based on two main knowledge sources: the opportunities of new technologies and 
the knowledge of the requirements of the target market. Lichtenthaler [16] points out that organizations that 
prepare new technology may not take into account all the uses of new technologies, seeking new solutions for 
their own needs, sectors where technologies could potentially be used are often overlooked. As a 
consequence, new technology may never reach the market or arrive late. The presence of a well-functioning 
eco-system of innovation is an important factor in the success of the commercialization of new technology. 
Szmal [17] presented the problem of knowledge infrastructure of the ecosystem of innovation on the example 
of the Silesian Voivodeship. The paper highlights the aspect of knowledge diffusion conditions created using 
knowledge economy infrastructure. Given the main assumption of the concept of open innovation, which 
suggests that companies should open up and cooperate with external partners, the authors have decided to 
explore one of the manifestations of such cooperation. A very concrete manifestation of cross-sectoral 
cooperation between science and business is co-ownership of patents. This cooperation is the confrontation 
of the intellectual potential of research units with the real needs of the industry, which ultimately translates into 
the competitiveness factor of enterprises. The aim of the study was to assess the presence of cooperation 
networks for steel industry in Poland in the field of patent law, which gave an opportunity to evaluate incentive 
policies for co-operation in projects financed from public funds. 

2. METHODS 

The analysis of patent databases steel industry was defined according to the proposed by PWC [18] in report 
Innovation trends steel 2015 - Analysis of patent publications in steel and its implications. The classification 
takes into account the 19 classes of the IPC assigned to the 4 main processes in the production chain. 
Respectively - metallurgy (C21B,C; C22C,D), hot and cold forming (C21D), finishing (C25C,D), processing 
(B21B,C,D,F,H,J,K,L; C23C,D,F,G). The basis of the analyzes was the database, which was a collection of 
patent applications publicized in the Polish Patent Office [19] between 01.01.1995 and 31.12.2014 for the 
selected codes IPC only for Polish entities. As the source of the data was used the search engine of the 
European Patent Office available at www.espacenet.com. The process of data collection and processing were 
performed using Microsoft Excel, OpenRefine and Gephi software. The process of preparing the data was 
consistent with the following scenario: 

1) Data collection - Data for individual classes (19 single base IPC)   
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2) Formatting databases - the combination of individual databases in a collective base; remove duplicates; 
Organize and unify data using OpenRefine for filtered records. 

3) Data Analysis - Target analysis of selected values, data visualization using software Gephi. 

Formatted database contained a total of 2195 unique records being separate patent application of Polish 
business entities, scientific institutions and private persons. In the third key stage for network visualization and 
visibility of supply of knowledge, we applied ForceAtlas algorithms [20]. The ForceAtlas layout algorithms come 
under a category of algorithms called force-directed algorithms. They simulate a physical system in order to 
spatialize a network. Finally, it is expected the obtained network configuration will help interpret the data in a 
reliable way. In this case will be identified leading players in the supply and transfer of knowledge. 

3. RESULTS 

The intention of the authors was to investigate the presence of co-ownership model of industrial property rights 
in the Polish steel industry using Social Network Analysis. However, the analysis is not limited to the identified 
patent applications in the ownership but to all records. This approach allowed us to identify the key players not 
only in terms of the number of patents but also links with the network. Therefore, the database contained 1,037 
unique entities in the category of applicant. Which resulted in the presence of 304 patent applications in co-
ownership. Visualization of all participants in the network shown in Figure 1. For a better interpretation of the 
resulting network visualization private persons were marked in yellow, research units in black while the 
entrepreneurs red. Furthermore, distinction was drawn due to the number of patent applications (proportionally 
larger marks). The thickness of the edge connecting the individual nodes of the network is directly proportional 
to the number of relationships between them (the number of different patent applications, to which a pair of 
entities have co-ownership). Relationships in the network (edges) was defined as equivalent to all claiming 
ownership of the patent application (network undirected).  

Table 1 Key players in network cooperation 

Name Frequency Degree (number of connections) 

Lublin University of Technology 196 3 

AGH University of Science and Technology 151 8 

Institute of Non-Ferrous Metals 132 33 

Silesian University of Technology 72 11 

Institute of Precision Mechanics (IMP) 55 4 

ZGH Bolesław S.A. 15 17 

KGHM Polska Miedź S.A. 9 1 

ArcelorMittal Poland S.A. 7 0 

The ForceAtlas algorithm allowed to clustering all network participants in individual and co-owned clusters.  
On the basis of the preliminary analysis of the Figure 1, can be noted the homogeneity of the presented 
structure. In the center there is a grouping of patent applications with one owner, which constitutes the vast 
majority of the analyzed base. It is worth noting that a significant part of these applications are owned by 
entrepreneurs (red dots), which seems natural because of the competitive advantage sought in the industry 
and the monopoly on the technology. The opposite of this action is the Capital Group Bolesław (ZGH BOL 
S.A., BOLREC LTD.), which seeks new business opportunities through extensive co-operation with other 
entities. In particular with scientific units. As the center of knowledge and technology transfer, should be 
considered research institutions and enterprises from the South Poland steel industry focuses its activities. 
The network includes research institutions and enterprises: Silesian University of Technology (POLSL), AGH 
University of Science and Technology (AGH), Foundry Research Institute, Orzeł Biały Ltd., Capital Group 
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Bolesław and Institute of Non Ferrous Metals (IMN), which should be indicated as the Leader of the network 
connecting all entities (see Table 1). On this occasion, the authors attempted to identify the impact of EU funds 
for research and development in the increase of protection rights in joint ownership with scientific units by 
reducing network to the records before 2008 and compared it with the years 2008 to 2014. For such a 
comparison there were no significant differences that could indicate the stimulating effect of the EU funds seen 
as a co-ownership of industrial property rights (due to editorial restrictions, the visualization for the years 1995-
2008 was not published). In the interpretation of the network, it is impossible to ignore the significant 
participation of private persons who are more likely to decide on the joint ownership of patent rights than the 
other groups. At the same time, they are also an important factor in maintaining relations within the network of 
institutional connections.  

 
Figure 1 Visualization of cooperation network in polish steel industry in the field of patent rights between 

1995 - 2014. Visualization in Gephi 0.91. Algorithm ForceAtlas. (red - entrepreneurs, black - research units, 
yellow - private persons) 

Table 1 summarizes the most important members of the network in terms of number of applications. The 
leader in this respect is the Lublin University of Technology (N=196), which does not guarantee a significant 
role in shaping the networks in terms of industrial property rights (only three connections - degree). The first 
company in terms of number of applications is ZGH Bolesław S.A. with 15 applications. Other companies not 
included in Table 1 have no more than 10 applications. The absence of significant amount of patent 
applications from business entities may point to other strategies to secure technological processes, such as 
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know-how, non-technological innovations. However, it can not be overlooked that the Polish steel industry has 
been subject to deep technological and proprietary restructuring in the last two decades. Ownership changes 
and the entry of global steel industry players could affect the introduction of external technological processes 
in correlation with abandoning the generation of its own patent rights. 

4. CONCLUSION 

The data obtained by the proposed methodology allowed for graphical visualization of inter-organizational 
relationships of co-ownership of patent for the Polish steel industry units. Furthermore, the proposed approach 
to the analysis of patent bases limited to a particular industry, allows to identify Leaders in terms of business 
entities and scientific units. However, it should be noted that the picture presented in this paper does not cover 
the full scope of information, because the cooperation of entities can take different forms (know-how, 
expertise). Possession of this knowledge can be translated into the construction of valuable partnerships for 
joint research and implementation projects. The implementation of new projects with partners with 
organizational and technological experience but also in the division of results of R&D works can be a success 
factor in these projects. In addition, the exploitation of industrial property rights is a competitive advantage of 
the company, which does not conflict with the ownership of these rights with third parties. In such a case, the 
economic exploitation of the monopoly of the protection rights is regulated by separate agreements. The 
experience of more developed countries shows that innovation and technology, rather than low labor costs in 
the long run give competitive advantage. The permanent mechanism of economic development is directly 
correlated with technological progress but also the presence of fruitful business, scientific and industrial 
partnerships. Looking at the problem in the context of the owner of the intellectual property must be 
emphasized that at some stage of the commercialization process it is necessary give up creativity and start 
working with the company. Otherwise, commercialization is ineffective both economically and technically. 
Economically, because there is no return of capital for reinvestment in research, due to the lack of industrial 
use. Today, the key is the pace of development of technologies or new products in the process of 
commercialization. In the global economy, which quickly spread new technologies, efficiency and above all the 
effectiveness of the commercialization process depends on the rate of absorption of new technologies in new 
sectors. Accelerate the development of technologies and new products through technology or adapt products 
to new sectors or the same market sectors, but within the new segments of buyers and users of technology 
can increase the probability of success of new technologies or products protected by law. Studies have shown 
that patent applications with one owner represent the vast majority of the analyzed database. It is worth noting 
that a significant part of these applications are owned by entrepreneurs (red dots), which seems natural 
because of the competitive advantage sought in the industry and present of the monopoly on the technology. 
Taken by the authors attempt to identify the impact of EU funds for research and development in the increase 
of protection rights in co-ownership with scientific institutions showed no stimulating effect. The activity of 
Polish entities in the field of co-operation networks described by the co-ownership of intellectual property rights 
is insufficient. The reason should be seen in the low budget for R&D activities and the constantly developing 
science-business relationship. In June 2016 started the INNOSTAL program, for which the steel industry has 
high expectations. The aim of the program is to support the Polish steel industry in the production of innovative, 
high quality products adapted to the market demand in Poland and abroad.Cross-sectoral cooperation creates 
the need to generate knowledge of a certain level of uniqueness. The investigated network shows that co-
ownership of rights is not a dominant manifestation of co-operation. Although the era of open innovation is 
increasingly affecting many sectors of the economy in many companies, there is still a lack of full understanding 
of the mechanisms inside and outside the organization when and how to fully benefit from this concept. 
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Abstract  

Variability in the modern world is the only thing that is constant. This is due to the globalization of the economy, 
introduction of new technologies and materials. The aim of the enterprises becomes to achieve satisfaction 
not only by the client, but by all parties concerned, shareholders, employees and suppliers. Total Quality 
Management is used in this purpose. The authors have attempted to analyze the type of used quality 
management methods and tools for quality assurance in Polish metallurgical enterprises. 

Keywords: Metallurgical enterprises, quality management, Poland 

1. INTRODUCTION 

Organizational management standards are becoming increasingly significant in building competitive 
advantage of an enterprise. Certification of implemented quality system of ISO 9000 has ceased to be 
sufficient. In Polish conditions, more and more companies, including metallurgic ones, is implementing a 
variety of pro-quality tools. Such tools contribute significantly to quality improvement in certain types or 
organizations or a given industry, while the use of others will not bring any significant or visible outcomes.  Due 
to a strong pressure on a customer market, enterprises are forced to implement standards required in specific 
sectors, such as automotive industry (IATF-16949) or arms industry (AQAP). Some smelter plants, for instance 
ArcelorMittal Warsaw, possess not only ISO 9001 certification but also 16949 [1]. Taking into consideration 
both a market and a customer, every enterprise ought to embrace three categories of requirements; general 
requirements (regulations connected with law, ecology), customer requirements (technical parameters, 
quantity, cost, information, deadline), the needs of an enterprise (profit, employee satisfaction, safety). In the 
last few decades it has been noticed that there is a significant increase in pro-quality requirements from an 
enterprise. The reasons for the growth can be linked to a few groups of factors. The first group of factors is 
related to a customer’s expectations and is connected to comprehensiveness and productivity, capability, or 
infallibility. The second group entails laws and regulations, including liability for quality, norms and directives. 
The third group of factors constitutes the objectives of an enterprise, i.e., innovative products or a high level of 
approval on a customer market. A good example of an enterprise undertaking a series of actions in this area 
is SSAB [2-3]. The last group of factors related to competitive advantage is linked to internationalization and 
shortening of time in which innovations are implemented. The paper aims to present how a variety of available 
quality tools are used in Polish metallurgic companies striving at optimization of customer needs satisfaction 
at a reasonable cost and in a proper time span.   

2. QUALITY ASSURANCE DURING DESIGNING AND PRODUCTION 

New requirements for products, and hence for materials from which they are produced caused the 
development of methods and quality assurance tools. Depending on the use of the product the process of its 
manufacturing is burdened with the need to implement quality assurance systems, registration and data 
analysis and furthermore a process of continuous improvement based on the Deming cycle (PDCA- Plan, Do, 
Check, Act) [4,5,6]. In order to ensure the adequate quality of materials, products and effectively solve 
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problems there is needed knowledge about the process or object which problem concerns. Tasks to realize 
are as follows: 

 To determine seriousness of the problem, its nature and the determination of the objective and 
assessment criteria of its solution. Partial problems separation that can be solved separately, for 
example unsuitable material, structure, chemical composition, 

 collecting measurement data necessary to verify set assumptions and hypotheses, 
 formation of assumptions regarding the causes of forming non-compliance and the mechanisms of their 

formation, 
 verification of conjectures based on data collected, 
 adoption of the most likely causes of problem occurrence, 
 in case of several alternative solutions - the choice of that which will meet the expectations of the 

customer at the lowest costs, 
 preparation of implementation plan of solved the problem, 
 identification of potential hazards that can occur with introduction of solution, 
 introduction of solution, process improvement, 
 verification of the effectiveness of implemented solution, by comparing the obtained results with 

assumptions. 

The presented approach can be noted in the Deming cycle, which is related to the principle of continuous 
improvement. The basis of implementation of the principle is the development of an action plan. It should 
determine targets and predict possible obstacles to achieve them. All data and information obtained in the 
phase of the action should be collected and stored [7,8]. After the introduction in the material (the process) 
improvements there should be measured obtained quality improvement and the information about it should be 
used in planning actions in the next cycle. Figure 1 shows the problem-solving stages in the process of quality 
assurance in metallurgical enterprises. The frequency of the use of particular tools were introduced based on 
carried out research of metallurgical industry enterprises in the province of Silesia and Lodz in Poland in the 
years 2009-2014. 

 

Figure 1 Frequency of use of selected tools and methods at different stages of solving quality problems 
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3. TOOLS AND METHODS OF QUALITY ASSURANCE USED IN POLISH METALLURGICAL 
ENTERPRISES 

Subject literature [9, 10, 11, 12] identifies five methods of quality management, as well as seven traditional 
and seven new quality assurance tools. The vast majority of the surveyed metallurgical companies use in 
lesser or greater extent, quality assurance methods and tools. Near the 75 % of the surveyed companies 
confirms a significant or strong positive impact of their use on the level of quality of manufactured products, 
85 % confirms a strong impact on improving the functioning of the company. Only about 3 % of the surveyed 
companies do not see the relationship between the implementation of quality management and the 
improvement of the quality of manufactured products. Figure 2 shows the research results of the frequency of 
use of quality management methods as well as old and new quality tools.  

 
a)                                                                                          b) 

 

 

 

 

 

                                                     

           c) 

 

 

 

 

 

Figure 2 The research result of use frequency of: a) methods, b) tools, c) new tools of quality assurance in 
metallurgical enterprises 

By cancelling obtained results, we can conclude that the metallurgical enterprises eagerly reach for tools which 
enable the quantitative description of the problem [13,14] (statistical methods, control charts, histograms, 
Pareto-Lorenz diagram, the degree of risk - method FMEA (Failure mode and effects analysis, qualitative 
capability factor), but less frequently use descriptive tools (new tool). This stems from the belief that the most 
important element in the process of assuring quality are research and laboratory analysis. In these processes 
surveyed companies emphasize the importance of place, method, cardinality and frequency of sampling. 
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4. IMPACT ASSESSMENT OF METHODS AND TOOLS ON OPERATION OF METALLURGICAL 
ENTERPRISES 

An important element of carried out research is to know the opinion of metallurgical enterprises on the impact 
of the application of methods and tools of quality assurance to improve their functioning as well as to improve 
the quality of manufactured products. Tools and methods are divided into two groups and entrepreneurs were 
asked to indicate the importance of each of five methods of quality management and of each tool by positioning 
it on the corresponding position in a hierarchy of importance. Subsequently, there was calculated the Severity 
Rating W (1) [15]. 

푊 = ∑
∑            (1) 

Where:  

W - Severity Rating, 
i - indication of method place (tools), 
k - the maximum weight (indication of the order of the method meant assigning weights in reverse order), 
ni - number of indications of given method (techniques) on i -number place, 
wi - weight corresponding to the place of i technology. 

Assessment of the impact of quality management methods on the functioning of metallurgical enterprises is 
shown in Figure 3 and on tools Figure 4. 

 

 

 

 

 

 

 

 

Figure 3 Assessment of the impact of quality management methods on the functioning of metallurgical 
enterprises   

In the first place in terms of impact on the functioning of enterprise among methods of quality management 
has found the FMEA method, followed by Kaizen, QFD (Quality Function Deployment), Taquchi method, and 
zero defects. By analysing individual cases of Polish enterprises, we can conclude that the most commonly 
are used quantitative methods, what is indicated by the dominant position of FMEA method and the 
assessment analysis of tools impact on enterprise operation (Figure 4). 

Analysis of the results presented in Figure 4 shows that Polish metallurgical enterprises in small degree use 
methods supporting design of products. In the first place of influencing on the functioning of enterprise was 
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found a statistical process control in the form of control charts, control sheets and diagram of two variables. 
Also, there was carried out assessment of internal effects of use of selected methods and tools for quality 
assurance. Surveyed enterprises as the most important effects of implementation classified in the first place 
management improvement, focus on eliminating quality and procedural problems and improvement the 
process of their elimination. At the following places enterprises indicated to facilitate the introduction of new 
staff into their responsibilities, improve organizational culture and productivity. The results of conducted 
analysis allow to conclude that for the metallurgical enterprises in Poland the most important result of the 
introduction of total quality management is to improve management. 

 

 

 

 

 

 

 

 

 

 

Figure 4 Assessment of quality tools impact on enterprise operation 

5. CONCLUSIONS 

Giving a high ranking to quality assurance problems in examined metallurgical enterprises may be strongly 
marked in the system of organization and management in the enterprise, including through the pro-quality 
orientation of global strategy of the enterprise and its implications at all levels and within all functions of 
management. The adoption of such pro-quality management concept and orientation does not exclude the 
possibility and need for using other its concepts, methods and techniques (e.g. marketing), wherein it is 
necessary to ensure their consistency. Quality management cannot be limited only as occurred in several 
surveyed enterprises for statistical process control.  

Speaking about the modern approach to the issue of quality management there should be paid attention to the 
fact that many organizations today produce high quality products using traditional methods of quality 
management. Changes taking place in the business environment trigger an effect that K. Bleicher [16] defines 
as "time scissors." This means that the complexity of the processes and problems and their dynamics 
increases at the same time, so we need a new approach to quality management issue. Hence, Total Quality 
Management is an appropriate solution for metallurgical enterprises to be able to in a relatively short time to 
adapt to qualitative changes occurring in the environment. In order to meet the demands of the market, it is 
necessary to implement systemic solutions, which in addition to the measurements - a guarantee of 
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compliance with the requirements of the material, will ensure optimal conditions for the functioning of 
manufacturing systems.  
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Abstract  

The main purpose of this paper is to determine the concentration level of the metallurgical industry in Europe. 
The first part presents the overall situation in this sector in the 2007-2014 period. In the second part, the 
concentration of the metallurgical industry in Europe has been estimated using the Lorenz curve and the Gini 
coefficient based on Eurostat data. It has been noted that four countries with the most significant share in the 
metallurgical industry: Germany, Italy, France and Spain account for about 50% of European production and 
employment, which indicates a high concentration of the sector. It has been determined that since 2007 the 
level of concentration in terms of production and the number of persons employed has increased, which most 
likely is a reaction of the sector to the economic crisis of 2008. 

Keywords: Metallurgy, industry, concentration, Europe 

1. INTRODUCTION 

Metals and steel, as well as concrete and wood, are key construction materials. Their advantages consist of 
their wide range of uses, affordability and significant recycling potential [1]. In line with the assumed 
classification, it is possible to divide the metallurgical industry into the following: manufacture of basic iron and 
steel and of ferro-alloys, manufacture of tubes, pipes, hollow profiles and related fittings of steel, manufacture 
of other products of first processing of steel, manufacture of basic precious and other non-ferrous metals, 
casting of metals [2]. The steel industry in the European Union receives support. For example, the European 
Globalization Adjustment Fund (EGF) was established, which supports laid-off workers. Companies operating 
in the manufacture of basic metals sector also receive support [3]. The metallurgical industry in the EU is of 
great importance for the European manufacturing industry, employment, innovation and sustainable 
development of the European Union [4]. It is a sector facing numerous challenges in relation to, among others, 
using EU structural funds, stimulating demand in associated sectors, such as the construction and automotive 
industries, increasing public support in investments in new technologies, introducing a sustainable steel 
production model [5]. The above activities may result in an improvement in the economic efficiency of 
enterprises [6]. Investments in new equipment, modernization of metallurgical processing and improvements 
to processes of obtaining metals have also contributed to the reduced negative environmental impact of steel 
plants [7]. Metallurgy, like other industries, has to respect the provisions of the EU's energy and climate policy 
[8]. The problem of environmental protection is of particular importance in countries such as Poland, Germany, 
Austria and the Czech Republic, which were the biggest emitters of greenhouse gases in the metallurgical 
industry [9]. 

The crisis on the US financial market, which later also moved on to European markets, led to a significant fall 
in industrial production and associated demand for steel [10, 11]. As a result, many plants were closed or 
reduced production, which resulted in job losses [12]. Therefore, one of the main challenges for this sector 
was the pressure to restructure and reduce production capacity. Companies made decisions relating to 
reducing costs and employment, dismantling production lines or temporarily shutting down production capacity 
[13]. The steel industry can demonstrate some successes associated with restructuring, such as: possibility of 
recycling 100% of the products, a reduction of CO2 emissions by the European metallurgical industry by 25% 
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since 1990 and further reductions by 2030 announced, as well as using largely renewable energy. In turn, 
there is a threat in the form of reduction in employment of 20% in 2007-2014 and a simultaneous fall in 
production of 20%, as well as higher costs in comparison with the US - twice higher in the case of electricity 
and three times for gas [14]. Therefore European steel plants face a threat in the form of high energy costs, 
economic and political uncertainty, and competition from third countries [15]. An increase in the concentration 
of production in this sector can constitute the basis for improving the competitiveness and efficiency of the 
metallurgical industry in relation to other supply chain parts [16].  

The main aim of this article is to determine the level and dynamics of changes in concentration of the 
metallurgical industry in Europe in the 2007-2014 period. 

2. METHODS 

The study is based on the literature review method, the descriptive method, concentration measures (Gini 
coefficient, Lorenz curve).  

Gini coefficient was used to assess concentration level of production value, number of enterprises, number of 
persons employed in metallurgy. It is strictly linked with the Lorenz curve (hence its second name - “Lorenz 
concentration ratio”). Since it is the most commonly used inequality measure, it contains many formal 
representations [1]: 

                                                                 (1) 

μ - average emission 

n - sample size  

Gini coefficient of 0 expresses egalitarian distribution, while a Gini coefficient of 1 expresses maximal 
inequality. This equation may be interpreted as half of the absolute production difference between all countries 
in relation to average production. This coefficient satisfies the Pigou-Dalton Principle of Transfers (it changes 
by transferring production from high-production countries to lower-production countries) and principles of 
symmetry, homogeneity, replication. It does not, however, satisfy the decomposition principle. 

Lorenz curve illustrates accumulated percentage for subsequent countries in order from lowest to highest 
production. In a theoretical case, when production of all countries are equal, the Lorenz curve becomes a 
straight line at 45 degrees (curve of absolute equality). The greater diversity, the more the actual curve differs 
from the curve of absolute equality. The Gini coefficient is a quantitative measurement of this inequality, which 
equals 2 x the field between the actual curve and the curve of absolute equality. It may take values from 0 - 
absolute equality of production - to 1 - all production is accumulated in hands of one countries [9]. 

The study used data from mass statistics from Eurostat. These figures relate to production value, number of 
enterprises, number of persons employed from 2007 and 2014 in European Union member states. Production 
value measures the amount actually produced by the unit, based on sales, including changes in stocks and 
the resale of goods and services.  

Number of persons employed is defined as the total number of persons who work in the observation unit 
(inclusive of working proprietors, partners working regularly in the unit and unpaid family workers), as well as 
persons who work outside the unit who belong to it and are paid by it (e.g. sales representatives, delivery 
personnel, repair and maintenance teams).  

Number of enterprises: a count of the number of enterprises active during at least a part of the reference 
period.  
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Production value, number of enterprises, number of persons employed - covers quantities in the iron and steel 
industry NACE Divisions 24 Manufacture of basic metals. This division includes the activities of smelting and/or 
refining ferrous and non-ferrous metals from ore, pig or scrap, using electrometallurgic and other process 
metallurgic techniques. This division also includes the manufacture of metal alloys and super-alloys by 
introducing other chemical elements to pure metals. The output of smelting and refining, usually in ingot form, 
is used in rolling, drawing and extruding operations to make products such as plate, sheet, strip, bars, rods, 
wire or tubes, pipes and hollow profiles, and in molten form to make castings and other basic metal products.  

3. RESEARCH RESULTS 

Production value concentration is the basis for examining the economic concentration of the metallurgical 
industry. Production values for 2014 plotted on a Lorenz curve indicate high concentrations of this sector in 
EU member states (see Figure 1). 

 

Figure 1 Production value concentration in 2014 

Four countries: Germany, Italy, France and Spain are responsible for half of the production value in this 
industry. This observation is confirmed by the value of the Gini coefficient for the 2007-2014 period (see 
Figure 2).  

Between 2007 and 2014 an increase in the Gini coefficient from 0.64 to 0.7 has been observed. A unique 
change was observed in 2008, which was related to the global economic crisis and associated problems in the 
metallurgical industry, as well as consequential structural changes. Since 2009, the level of concentration of 
production value in the surveyed countries has remained practically unchanged (Figure 2). 
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Figure 2 Gini coefficient for production value 

Concentration trends in the industry are also reflected in the number of persons employed in individual 
countries. On the basis of this value, it is possible to conclude that the concentration process, which began in 
2008, continued uninterrupted until the end of the researched period. It is, however, somewhat different in 
nature than production value. The concentration of this indicator saw a jump in 2008, while in the case of the 
number of persons employed the events of 2008 acted as an impulse, whose effect can be observed until 
2013 (Figure 3). 

 
Figure 3 Number of persons employed concentration 

Changes in the concentration of the number of persons employed are not as significant as in the case of 
production value (0.03 to 0.06 in the period in question), but they are felt (Figure 4). A graphical comparison 
of the number of persons employed concentration for the beginning and end of the researched period is shown 
in Figure 4. A shift in the Lorenz curve towards the so-called curve of absolute equality indicates an increase 
in the concentration of the observed characteristic. 
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Figure 4 Number of persons employed 2007, 2014 

4. CONCLUSION    

The presented information makes it possible to draw the following conclusions:  
1) The Gini coefficient calculated for production value, number of persons employed and number of 

enterprises concentration reaches a value between 0.6 and 0.7, which points to advanced processes of 
concentration in the European metallurgical industry. Based on production value, it has been found that 
over half of European metallurgical production is concentrated in four countries.  

2) In the case of production value and number of persons employed, an increase has been noted in the 
Gini coefficient after 2008. This means that the economic crisis of this period was a catalyst for change 
in this economic sector. 
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Abstract 

The paper concerns the possibility of the use of modern non-contact measurement techniques in a die forges, 
like application a measuring arms with integrated linear scanners to analyze wear of forging instrumentation. 
In particular, to assess the progress of tool wear forging - punch used in the second forging operation of the 
forging type cover. The presented detailed analysis examines the possibility of using 3D reverse engineering 
techniques for direct quality control and changes in surface layer geometry of the forging tools, based on the 
measurement of geometry changes for cyclically collected forgings. The research was divided into two phases. 
The first step was to analyse tool wear based on direct scanning of their surfaces, then develop a wear-loss 
curve of the geometric material. In the second step, a selected area of cyclic retrieved forgings from the forging 
process was scanned for use of an intermediate scanning method - reverse 3D scanning. On this basis, an 
analysis of the progressive material growth on the selected surface of forgings was made, which was also a 
loss of material on the punches. The performed analyses showed a good agreement of the geometrical 
properties of the surfaces (of the selected forgings representing the proceeding wear of the tool) and the 
geometrical defect of the working impression of the tool, based on the direct measurements during the 
production process. The obtained results allow for a fast analysis of the forging tool life with respect to the 
quality and the quantity (of material defect), which, in consequence, leads to significant economical savings. 

Keywords: Quality control, scanning, forging tools, forging 

1. INTRODUCTION  

In modern industrial metrology new trends are noticed, which are mainly related to the possibility of using 
portable measuring systems such as optical scanners or linear scanners mounted on mobiled measuring arms. 
This type of non-contact measurement methods, due to their unique capabilities, are used in the analysis of 
defects in the contour and surface shape [1], which is difficult and time-consuming to evaluate by other 
measurement techniques. In most cases, they are used only to control the final quality of the products [2], [3]. 
Unfortunately, modern measuring techniques based on this type of device (such as scanners)  
are occasionally used to evaluate the state of tools which produce a given product or similar applications  
[2, [4 - 6]. In additional, it is also worth noting that non-contact measurement technology is currently less 
accurate than standard contact measurement techniques. However, in some applications, it offers unique 
capabilities, such as in the regenerative processes surfacing tools [7], [8] w here the error measurement of the 
shape of the designated surface is used. Currently, non-contact measurement techniques enable efficient 
quality control of medium and large size forgings, or large-size forging tools, and their measurement can take 
place directly on production, which is not irrelevant in the economic sense [9].  

Die forging processes are one of the most difficult manufacturing processes to perform. Despite the fact 
that the technology is relatively well-known, proper manufacturing of forgings with complicated shapes, 
that will meet requirements concerning accuracy and quality posed by customers, require much 
experience from process engineers and operators. Wearing of forging tools and other instrumentation 
causes a change of the manufactured product's geometry, and any surface defects on tools (cracks, 
losses) are reflected on the forged product, affecting the quality of the ready product [10]. The main and 
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most common destructive mechanisms include abrasive wear, mechanical cracking, plastic deformation 
and thermal and thermal-mechanical fatigue [[11]].  

Due to the production costs of forging tools caused to the complex shape of the forged products can be noted 
the appearance of increased industry interest in research related to increasing the durability of forging tools by 
measuring and analyzing the progress of their consumption, using non-contact measurement techniques using 
measuring arms and 3D scanners. This interest prompts to analyze scanning techniques in terms of their 
usability and development in the forging industry, including: the analysis of tool geometry changes in the 
forging process and the continuous assessment of the state of the forging tool on the basis of cyclically 
collected and scanned forgings as well as for more advanced analyses and applications. 

The aim of the study is the design and development of contactless measuring method - using a spatial scan 
of the arm with integrated line scanner for analysis and evaluation of the progress of tool wear forging - punch 
used in the second forging operation of the forging type cover. 

2. MEASURING METHOD AND DESCRIPTION OF THE MEASURING STATION  

The hot forging of the forge forgings has been selected for the study. This process is carried out in three 
operations on the P-1800T press. The tools in the analyzed process are made of WCL steel (Figure 1a). After 
heat treatment, tools for the second and third operations are nitrided. 

The research focused on the second forging operation (preliminary forging). Detailed geometric analysis of the 
treated punch in the upper insert (Figure 1b), for it the durability in the analyzed process is the from all tools 
and selected part of forging forming by this punch (Figure 1c).  

The ROMER Absolute ARM 7520si with an integrated RS3 scanner and Polyworks software, enabling 
scanning in Real Time Quality Meshing technology, was selected for tests of applying a contactless measuring 
method to scan tools and forgings over the course of the forging process. To conduct measurements for the 
purposes of the developed measurement technology, a laboratory measuring station was built, as presented 
in Figure 1d-e.  

 

Figure 1 The view of: a) a set of tools used in second operation, b) the analyzed punch, c) the forging, 
d) measuring stand with the measuring arm and laser scanner to measure tools and 

 e) to measure of forgings  

This device makes it possible to perform contact measurements using an additional measuring probe as well 
as contactless measurements which provides the capability of collecting up to 460,000 points/s for 4600 points 
on a line at a linear frequency of 100 Hz with a declared 2-sigma accuracy of 30 μm.  

3. ANALYSIS OF WEAR TOOL 

In the first step of the study, the authors conducted measurements the wear of the analyzed punch after an 
increasing number of forgings, comparing the scans obtained for the increasingly worn tools with the scanned 

Upper die 
Punch 

Lower die 
 

a) b) 

c) 

e) d) 
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image of the new tool (Figure 2). The presented results of superimposed images of worn tools (after increasing 
number of forgings), indicate the progressive wear. 

 

Figure 2 Results of scanning selected punches after different forgings different number of forgings:  
a) 1000, b) 2500, c) 3000, d) 7000 e) 9000, f) 12500 

In the initial period for the tool after a small number of forgings up to 2000 pieces, no material loss was 
observed. However, since 2500 forgings can be seen clearly wear in the central part of punch. For the punch 
after 13000 forgings loss on the forehead was more than 2.5 mm. As you can see, for most tools, the wear on 
the forehead is clearly unbalanced. 

The analysis shown in Figure 2 may not be sufficient, therefore, based on the collected tool scans with 
increasing numbers of forgings, can be develop wear characteristics, the so-called wear curve for this tool, as 
a function of the increasing number of forgings from 0 to 12500 pieces. In the developed graph 
(Figure 3), which resembles the classic wear curve (Lorenza), we can observe interesting dependencies and 
distinguish several ranges (periods) of wear. Wherein, the presented analysis concerns the volume loss of all 
working surfaces of the selected tools, which may cause some differences in relation to the individual scans 
of Figure 3. 

 

Figure 3 The loss of material (volume change) from the punch as a function of the number of forgings 

By analyzing the graph (Figure 3), it can be observed that the loss of material for the selected tool - based on 
the scans grows very slowly at the beginning of the forging process to about 1000 pieces of forgings. Then 
over 1500 pieces begin the so-called normal state of exploitation characterized by an approximately stabilized 
intensity level of the main destructive mechanisms, which in the analyzed case amounts to about 11000 units. 
The volume change for this range of forgings is between 350 and 5172 mm3, but for the number of forgings 
from 11500 pieces to the end of the tool life (over 12500) the volume change is only 100 mm3. On this basis, 
it can be inferred that the stabilized wear of the tool being analyzed is up to the maximum of exploitation (12500 
pieces) and ends as a result of exceeding the permissible tool shape change due to its withdrawal from further 
production. 
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4.  APPLICATION OF SPATIAL SCANNING METHOD 

The next step in the research was to use the innovative 3D scanning method to develop tool wear 
characteristics using 3d reverse scanning. Its application consists in using the observed similarity (reflection) 
of the work surface of the tool on the selected forgings surface, where the loss of tool material equals the 
increase of material on the forgings. This method avoids the necessity of interfering with the forging process 
and consists in measuring (measuring) with the scanner, the progressive wear of the selected forging tool (its 
material loss), on the basis of shape changes, cyclically collected from the forging process (their material 
increase). Figures 4a-b shows the surface of the tool before and after the operation with the corresponding 
surfaces of forgings. Figure 4c shows examples of measured material loss on the tool and corresponding 
material surpluses occurring on the analyzed forging. 

 

Figure 4 The view of: a) new punch - before work with forging at the beginning of process, b) worn - after 
13,000 pieces with forgings from the end of tool life, c) idea of 3D scanning method - comparison of punch 

scans and last forging 

Figure 5 shows the results of the punch wear analysis for the increasing number of forgings, by using the tool 
image reflection on the surface of subsequent forgings and comparing them to the "unused" 100 forging. They 
indicate the progressive wear of the tool, which is located in the middle part, near the ejector hole in the forging 
face area, and is in the initial phase of the irregular forging process. At the end of the punch life, radial grooves 
(Figure 5) are visible.  

 
Figure 5 Comparison of scans of inner parts of forgings, in the form of quantitative changes of their shape 

after: a) 2000, b) 4000, c) 6000, d)8000, e) 10 000, f) 12 000 forgings 

The presented results in the form of the error of the shape of the forgings collected cyclically allow only on 
simplified analysis, which determine the areas of the tool where the wear is occurring and the places with the 

a) 
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c) 
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f) e) d) 
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maximum loss of material. Such recovery of the wear pattern allows for an analysis with an equal interval of 
the forgings to be taken. It means the development the classical wear curve for a tool based on forgings. 

5.  COMPARISON OF THE WEAR CURVE DETERMINED ON THE BASIS OF SCANNED TOOLS AND 
REVERSE 3D SCANNING 

Figure 6 shows a comparison of the Lorenz curve determined based on the scanned tools after increasing 
exploitation (Figure 2) and on the basis of the inverse scan method by measuring systematically collected 
forgings (the scans are shown in Figure 5). 

 
Figure 6 Comparison of tool wear scans (green) and forgings (red) 

The comparison of both charts presented in Figure 6, which allow for determination of dependencies 
describing tool wear over the course of forging (determination of tool life), indicates high coincidence between 
their results. The greatest divergences can be observed at the very beginning, i.e. from 0 to 2500 forgings, 
and within the range from 9000 to 1300 forgings. Differences in the initial range are most probably the result 
of stabilization of the process (the entire system), meaning stabilization of the proper tool working temperature 
and of optimal lubricating and cooling conditions - tribological conditions. However differences in the later 
period can be explained by the studies conducted by the authors which demonstrated that for this period the 
loss of the tool is greater than the increase in the forging material. These studies have shown that in order to 
maintain geometry of forgings within tolerable tolerances, blacksmiths have made conscious correction of the 
size of the closure between the upper and lower tool. Other causes of slight differences between the two curves 
may be due to the fact that the forgings for the Lorenz curve were taken (every 1000) from exactly one forging 
process for which the average durability is 13,000 forgings. On the other hand, the tools chosen to determine 
wear were taken from several of the same processes, but with increasing numbers of forged forgings. This 
was dictated by the need to maintain similar process conditions (elimination of tool cooling for scanning 
analysis and reheating before continuing the production process). Other, less significant causes of slight 
discrepancies may be the measuring accuracy of the scanner itself (+-0.035) and oxidation and scaling of 
measured forgings, which were cleaned before measurement, as well as errors arising from the computation 
algorithm in volume analysis. 

Being aware of the above presented comparison confirms that the determination of the wear on the basis of 
the scan forgings periodically collected during the manufacturing process (without interference), the method is 
efficient and economically justifiable. It should also be emphasized that the determination of wear on the basis 
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of scanning tools is a non-practical method, which often causes difficulties in the continuity of production, its 
interruption, as well changes in technological and tribological conditions. 

6.  SUMMARY 

The paper presents the method of analysis of the wear of forging tools, based on the innovative use of data 
obtained during the measurement of non-contact measuring method. The presented method allows the 
analysis of tool wear and forging instruments by recreating the wear progress of forging tools based on 
measuring the change in the geometry of the final product. It should be emphasized that the described method 
allows to conduct indirect control quality and change the geometry of forging tools (without dismantling) by 
direct measurement of the geometry changes cyclically collected forgings. The results of the research 
presented in this paper confirm that the wear characteristics obtained from the measurement (scanning) of the 
forgings are comparable to the curve obtained from the tool scans. This allows practical use of the developed 
indirect measurement technology on the basis of scanning for analysis of wear progression and thus current 
control of the state of the forging equipment. This will have its impact on the financial benefits resulting from 
the lack of downtime due to unforeseen failure of forging instruments and make quick decisions about a 
possible replacement of the spent forging tools. Disclosed in paper advantages and disadvantages of the 
proposed new approach to data analysis in the determination of the progress of wear of forging tools using 3D 
scanning will allow to create new opportunities for the description of phenomena consumption in the process 
of forging die, and will also shorten the design time of forging tools with increased wear resistance. 
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Abstract   

In the article there is an analysis of OEE (Overall Equipment Effectiveness) and EPEI (or EPEx - Every Product 
Every Interval) indicators of medium size rolling mill plant in one of the raw materials steel mills. Analysis of 
OEE and EPEI covered period of 12 months. OEE indicator, alongside MTBF (Mean Time Between Failure), 
MTTR (Mean Time To Repair) and MTTF (Mean Time To Failure) is one of the parameters of TPM method 
(Total Productive Maintenance). OEE is an assessment of the overall efficiency of the production system 
equipment. OEE consists of three elements: availability rate, performance rate and quality rate. EPEI indicator 
is used to assess flexibility of production structure. It indicates production frequency of various final products. 
Optimized value of EPEI indicator helps to meet clients’ demands and keep the minimal maintenance of 
resources at the same time.   

Keywords: Medium size rolling mill plant, OEE, EPEx  

1. INTRODUCTION 

The production of raw steel has varied greatly throughout the last 20 years. During 2005 and 2009 production 
has decreased drastically. The first decrease is a result of restructuring. The second marks the economic crisis 
lasting from 2008 to 2009. A smaller demand for steel is also a result of technological progress in engineering 
materials in the field of ceramics and polymers within the last two decades [1]. Nowadays in order to remain 
competitive on the market, smeltries must adjust their production to a constantly changing environment [2] t. 
This change takes place on a global scale (e.g. economic changes within countries) and locally - varying 
demand for the quantity and variety of final products [3]. Manufacturing a greater variety of final products in 
small (short) production series - requires the production systems to be flexible and to adapt almost instantly to 
the quickly changing customer requirements [3, 4]. This article presents the results of analysis concerning the 
adaptability of a subsystem within a raw steel smeltry. The adaptability has been determined with the EPEI 
indicator for a period of one full year. With the optimally adjusted EPEI indicator customer demands may be 
satisfied while simultaneously keeping a minimal supply level [5]. 

The analyzed facility has a production capacity of circa 5 mln Mg of steel annually. It is comprised of the 
following production units: Plant Blast; Steel and Half-Products Plant (Steel Plant and COS); Large and 
Medium Rolling Mill. The Large Rolling Mill produces heavy sections over 200 mm in height, v-sections, double 
T-bars, channel-bars, also locomotive and tram rails. The Medium Rolling Mill manufactures medium sections 
such as angle bars, channel-bars and double T-bars not exceeding 200 mm in height. The Medium Rolling Mill 
has been analyzed in regards to its systems adaptability.  

The main goal of this article is to conduct the adaptability analysis of the Medium Rolling Mills` productions 
structure and determining a minimal EPEI indicator pointing the smallest frequency of changes for the 
assortment being manufactured. This article contains the necessary data gathered in order to achieve the 
assumed results. The article also depicts graphs showing the changes in the OEE indicator within the 
timeframe of one year for the considered facility [6].  
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2. LEAN MAITENANCE 

The Lean Six sigma philosophy means careful planning, organizing and realizing in a ,,modern” industry 
organization. The Lean philosophy utilizes many tools and techniques [6]. One of them is TPM (Total 
Productive Maintenance) defined as comprehensive maintenance of production flow [6, 9]. This system 
focuses on the stability of production processes as well as maximizing effects in regards to availability, 
efficiency and quality of the manufactured products. The basic indicator for the TPM method is OEE (Overall 
Equipment Effectiveness), making it possible to locate the areas stopping production [8, 9]. The first stage of 
analyzing the Medium Rolling Mill was to establish the OEE indicator for each day. Figure 1 depicts a graph 
of available time changes (red line) within the span of fifty weeks and comparing it to the effective worktime 
(green line) in the same time.  

 
Figure 1 Comparing available time to the effective worktime 

Analysis of the diagram shows that the smallest amount of the produced assortment occurs between the 20 
and the 23 week. During this time the least diversified number of products was manufactured, furthermore the 
company experienced the longest standstill of the year due to a malfunction.  

2.1. OEE - Overall Equipment Effectiveness  

The plant operates 24 h per day in a triple shift system. The employee break time is 20 minutes per shift, plus 
10 minutes dedicated to 5S. The remaining 7.5 h is the nominal available worktime. The nominal available 
worktime is the time the machine may operate during an eight hour shift. This time is calculated by subtracting 
the time dedicated for employee breaks, planned rearming, filling in reports and clearing up the work station 
from the gross time. The planned rearming time is established after the production schedule has been 
approved and synchronized with customer orders. The rearming time is the decisive factor in prioritizing tasks. 
Remaining standstills are in the unplanned group and directly affect the OEE indicator. Within one year the 
average unplanned standstill time equaled 6.9 h per month. The average monthly product rotation equaled 44 
various assortments.  

Table 1 depicts the planned production and the effective production for each separate month. Calculations 
have been made in developed forms to enable efficient calculation of availability, efficiency and quality 
indicators.  
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Table 1 Planned and actual production and average OEE per month 

LP Month Planned 
production 

Actual 
production 

Loss in 
production 

Variety 
assortment 

Average 
OEE 

  [Mg] [Mg] [%] [art] [%/m-c] 

1 January 34 390 33 710 2 44 86 

2 February 33 960 33 505 1.3 42 90 

3 March 33 570 32 865 2.1 45 89 

4 April 33 070 32 310 2.3 46 82 

5 May 35 260 29 990 14.95 29 69 

6 June 34 870 34 150 2.1 46 82 

7 July 35 370 34 760 1.72 45 86 

8 August 33 260 32 860 1.2 44 89 

9 September 35 110 34 530 1.65 46 88 

10 October 34 380 33 500 2.56 47 83 

11 November 33 820 33 320 1.48 45 87 

12 December 34 840 32 230 7.5 48 91 

13 Sum or average Sum 411 900 Sum 397 730 Av. 3.405 Av. 44 Av. 85.2  

The OEE indicator is a measure of machine utility effectiveness. It is assumed that world-class manufacturers 
reach an average level of 85 %. For our calculations the average annual OEE indicator equals 82.6 %. This 
can not be compared to the above mentioned 85 % as it only represents one of the chosen subsystems - The 
Medium Rolling Mill, as opposed to the entire plant. The OEE level in the discussed example depends on the 
quality of the material delivered from previous stages (i.e. Steel Plant and COS). Figure 2 depicts OEE levels 
for one exemplary month. 

 

Figure 2 OEE gauge chart for each day for an example of one month 

The presented diagram depicts major fluctuations in the OEE indicator in the scope of a month. The cause of 
this were two malfunctions, quality loss and machine availability decrease. The lowest value was logged on 
the 29 day of the month. This was due to low-quality slabs batch (400 Mg) - after rolling the material displayed 
cracks on the surface. Such losses have a negative impact on the entire systems` production process.  
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2.2. EPEI - Every Product Every Interval 

The EPEI indicator describes the flexibility of the process by determining the frequency of product sequences 
being in demand within a unit of time. The processes` flexibility drops as the EPEI value raises. Flexibility of 
production systems is extremely important for setups designed to manufacture small bathes in short production 
series. The EPEI indicator is calculated for each stage of the production process. Table 2 depicts a developed 
forhasanm improving calculations for the gathered data. 

Table 2 Form of the indicator calculation EPEI 

 I 
D DD D*i + DD AWD/4 

[%] 
art/C/T C/T C/O 

[Mg/t] [Mg/t] [Mg/t] [Mg/t’] [t’’/Mg] [t*/Mg] [t*/part] 

A 1 770 500 1270 317.5 4 - - - 

⁞ ⁞ ⁞ ⁞ ⁞ ⁞ ⁞ ⁞ ⁞ ⁞ 

C 1 1120 200 1320 330   - - - 

 

Sum 33 960 … 33 960 8 490 100  Razem 19120 

 

Operating time O/T  450 [min/shift] 

Daily operating time O/TD 3*O/T 1350 [min/d] 

Efficiency OEE  0.9  

Number of posts r  1  

Execution time Pe/T ∑ADD*C/T  [min/d] 

Flexibility EPEx  0.6 [m/art] 

Calculations for the EPEI indicator have been made basing on the below algorithm separately for each month. 
Formula (1) determines flexibility on the rolling process.   
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 - the accumulated machine workload time determined by 

current demand and technological takt times corresponding to each product - this value is calculated according 
to formula (3); i  the number of necessary rearmings considering a full rotation of products - i = 1, 2, 3, …,n; 
j  - the number of various assortments being in demand in the discussed time unit - j = 1, 2, 3, …,k.  

  OEEPDTOEETTE GrossNetX /  (2) 

where: OEE - Overal Equipment Efficiency; NetT  - nominal available worktime; GrossT  - nominal available 

standard hours, which is the total availability of the equipment (e.g.: 8 hours per shift); PD - planned downtime.  
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k

j

k

j
jj LTCADD

1 1
/  (3) 

where: jTC /  - standardized takt time j - of this product; jL  - demand for j - product in the discussed unit of 

time.  

After applying formulas: (2), (3) and (OEE) formula (1) assumes the following form: 

   


















 k

j
jjGross

n

i
i

LTCOEEPDT

OC
EPEI

1

1

/

/min
 (4) 

Table 3 presents EPEI indicator values for the cold rolling mill within the span of one year.  

Table 3 Value Every Product Every Interval indicator 

  

Ja
nu

ar
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M
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Ju
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Ju
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Au
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Se
pt
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r 

O
ct
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er

 

N
ov

em
be

r 

D
ec

em
be

r 

Av
er

ag
e 

fo
r a

 y
ea

r 

1 
Planned number 
of differentiated 
assortment 

47 43 44 47 41 47 46 45 48 48 46 49 46 

2 

Indicator value 
EPEI  

[type of ass. 
asort./day] 

1.1 0.6 1.33 0.9 -0.74 1.2 1.1
5 1.1 0.9 1.3 1.4 1.7 ~1 

If the EPEI indicator assumes negative value, then under current conditions it is not possible to realize the task 
schedule without additional resources (usually overtime is required). Our analysis takes under consideration a 
triple-shift worktime structure, therefore the planned task schedule for May has not been accomplished. The 
average annual EPEI value equals 0.995 with a minimal border -0.74 and maximum of 1.7. The varying 
flexibility of the process is proof of changing demand for assortment. Therefore for future calculations the 
instability in the form of standard deviation has been taken into account according to the following formula:  

 
n

EPEIEPEI
m

l
l

EPEI





 1

2

           (5) 

The EPEI standard deviation equals 59.0EPEI . In order to determine the change dynamic of the EPEI 
indicator, future calculations should determine the probability of the random variable will differ from the average 

EPEI value by at least three standard deviations and the result be compared to the three sigma principle 
(±3) [10]. 
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3. CONCLUSION 

The analysis developed for the purposes of this article regard the Medium Rolling Mill, one of the subsystems 
of raw steel plant. The presented analyses allow to point out the factors contributing to efficiency, availability 
and product quality loss. Minimizing these will substantially improve production continuity and make the system 
more adaptable to dynamically changing orders. The current customer expects a differentiated product, ie 
available in different versions and variants. To meet these expectations, manufacturers are forced to produce 
products in small batches and at a low inventory level. However, such production is characterized by lower 
stability than mass production. The volatility and instability of the manufacturing process also introduces a 
component of uncertainty and risk decisions. The heavy industry deals in ,,bulk” orders placed by corporations 
a long term in advance. A significant rise in production assortment variety has been noted in recent years. Due 
to the complexity of the production process in the plant large amounts of supplies may not be stored. A large 
variety of final product assortment in the metallurgical sector requires an adaptable process. The adaptability 
of the production process is equal to that of the workstation operating in the manufacturing process, as the 
time between sequences increases along with the EPEI, thus lessening adaptability. Manufacturing variable 
final products in small (short) production series - requires high adaptability from production systems and near-
instant reaction to dynamically changing customer demands. Assuring sufficient adaptability to the stream is a 
critical condition if orders are to be executed on time. The production limitations do not constrain the company, 
but systemize its actions on all order execution stages. Each system is in a certain state, and because 
production systems are of dynamic character, a continuous transformation, which causes transition from one 
state to another.  
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